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ABSTRACT 
Effects of New Physics on Neutrino Interactions 
We explore the effects of neutrino interactions due to new physics with the standard 
Lorentz structure, but with the nonstandard flavor structure in the reactor electron- 
antineutrino disappearance short- and medium-baseline oscillation and in the very-
short-baseline scattering experiments. In both types of experiments, we explore the 
nonstandard interactions of neutrinos produced in the charged current neutron beta 
decays and, later on, when detected through inverse beta decay and through purely 
leptonic elastic scattering processes. In oscillation experiments, there is degeneracy 
between oscillations and the new interactions, whereas the scattering experiments are 
free from the degeneracy because of their baseline short enough to ignore the standard 
oscillation phenomenon. In oscillation experiments, we draw on the short-baseline 
Daya Bay and its future upgrade JUNO for the spectral event rate and the statistical 
analyses and in the scattering experiments TEXONO and its future upgrade version 
with improved statistical sensitivities for confidence level boundary regions of the 
nonstandard neutrino interaction parameters. In the oscillation experiments, we find 
that the average spectrum of observed events at a baseline of 50 km, in the middle of 
the currently favored region, provides improvement in sensitivity to new physics if 
combined with improved precision of input mixing parameters in independent 
experiments, despite of the ambiguity due to the degeneracy between new physics and 
oscillations in medium-baseline data. Moreover, the nonstandard interactions can 
enhance or suppress the sensitivity of experiments to the mass hierarchy, depending 
on the combination of nonstandard and the standard CP-violating phases. In the 
scattering experiments, we confirm that the current data of TEXONO experiment 
allows for new physics constraints at the detector of the same order as those currently 
published. The new physics phase effects are at the 5% level, noticeable in the 90% 
contour plots but not significantly affecting the conclusions. Based on the projected 
statistical sensitivities with an upgraded version of TEXONO experiment, we estimate 
sensitivity of new physics at both source and detector. We find that bounds on source 
nonstandard interaction parameters improve by an order of magnitude, but do not 
reach parameter space beyond current limits. On the other hand, the detector new 
physics sensitivity would push current limits by maximum of an order of magnitude.     
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Chapter 1
Introduction
Neutrinos are the second most abundant particles in the Universe, after photons.
Neutrinos are also the most elusive, least-interacting and least-understood elemen-
tary particles. They are produced, in bulk, in decay processes such as Beta-, Pion-,
Kaon- and Muon-decays. The major sources of neutrinos are natural extraterrestrial
objects including the sun, cosmic rays, supernovae, and every kind of star. Neutrinos
are also produced in man-made terrestrial objects such as accelerators and reactors.
Most neutrinos travel with relativistic speeds along distances from a few meters up
to thousands of kilometers. Their kinetic energy ranges from eV to PeV. Neutri-
nos are detected either through scatterings with electrons or through inverse beta
decays with nuclei using di¤erent detection techniques such as radiochemical, water
Cherenkov, scintillation, tracking and hybrid techniques.
The Standard Model (SM) is the theory of elementary particles, their interactions
and the mechanism for the generation of their masses. It deals with three of the four
basic forces of nature: strong, electromagnetic and weak. The electromagnetic and
weak forces are unied in the models electroweak force. The SM contains fermions
of spin 1
2
} (six quarks and six leptons) and bosons of spin 1} and spin 0. There
are three generations of quarks and three generations of leptons, whose left-handed
projections are connected to each other through weak isospin doublets and the right-
handed components transform as singlets. Gluons are the carriers of the strong force,
photons carry the electromagnetic force and W, Z0 are the carriers of weak force.
All the up-type quarks have electric charge +2
3
e and down-type quarks have electric
charge  1
3
e: The charged leptons have electric charges  1e; where e is the electric
charge of the positron, and the neutrinos are electrically neutral. Neutrinos are the
partners of the three charged leptons, electron (e ); muon ( ); tauon ( ), in the
weak isospin space, appearing in three di¤erent avors, electron-neutrino (e); muon-
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neutrino () and tau-neutrino ( ). Neutrinos experience only the weak force and
interact with other particles only via the weak force.
In the SM, the masses of elementary particles are generated through the Higgs
mechanism. In the Higgs mechanism, the gauge bosons of weak interactions (W and
Z0) gain mass through spontaneous symmetry breaking, whereas the photon, which
is the gauge particle of electromagnetic interaction, remains massless. All quarks
and charged leptons generate their masses by Yukawa interacting with Higgs eld.
In Yukawa interactions, each fermion ips its handedness (chirality, L  ! R). By
a conventional denition of the SM excluding right-handed neutrinos, the mass gen-
eration mechanism of neutrinos through Yukawa interactions becomes impossible.
Hence, neutrinos in that kind of strictly dened SM are strictly massless particles.
In the SM, the weak interactions are of two types, charged-current (CC) interac-
tions and neutral-current (NC) interactions. Quarks and leptons interact di¤erently
in CC and NC interactions. Both in the quark and lepton sectors, NC interactions
take place within the same generation and no cross-generational transitions, called
avor changing neutral currents, are allowed. In the quark sector, avor chang-
ing neutral currents are highly suppressed because of the well-known phenomena of
GIM-mechanism, which allows the avor changing neutral currents only at quantum
loop level through CC interactions. In the lepton sector, the avor changing neutral
currents are forbidden due to the law of lepton avor conservation. Similarly, the
CC interactions in the quark sector take place when any down-type quark has a
transition to up-type quark. For example, d ! u; s ! c; b ! t are all allowed
transitions in the SM. In the lepton sector, CC interactions take place when any
charged lepton has a transition to its partner neutrino within the same generation.
In the quark sector, the CC interactions are not only allowed within the same
generation, but the cross-generational transitions are also allowed with orthogonal
strengths. For instance, the transition d  ! u , and the transition s  ! u are
both allowed. This is the origin of quark mixings in the SM. In general, all of
the three generations can have transition within the same generation and across
the generations. On the other hand, in the lepton sector, CC interactions are only
possible within the same generation, for instance, e   ! e;    ! ; and    !
 , while the cross generation transitions, such as e   ! ,    !  etc, are
forbidden due to a symmetry (law) of lepton avor conservation. For CC interactions
in lepton sector, this law leads to the nonexistence of the lepton avor mixings which
is counter to the quark mixings in the SM.
In the SM, another important observation related to the weak interactions is that
all quarks and leptons couple to the charged weak bosons W with the same strength
in the CC interactions. This observation is called "weak universality". Similarly, in
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the NC interactions, all of the three charged leptons couple to neutral gauge bosons
Z0 with the same strength and the three avors of neutrinos couple with the same
strength. The weak coupling strength for the neutrino is di¤erent than weak coupling
of charged leptons in NC interactions. For the leptonic case, this observation is called
"lepton universality".
The SM and its predictions have been well-tested in a variety of high precision
experiments and the level of agreement found in general is 10 3 or better (Sec. 10 of
Ref. [35]). The SM predictions about the CC and NC interactions and the masses
of the mediating particles (W, Z0) of the unied electroweak interaction are in
excellent agreement with the experiments. The nal ingredient of the SM, the Higgs
particle, has also been discovered in recent years in good consistency with the theory.
(Sec. 11 of Ref. [35]). The observational facts related to the CC and NC interactions
in the SM   quark mixings, lepton avor conservation, weak and lepton universality
  have been very well tested experimentally and are in good agreement with the SM
predictions.
Parallel to the successful theory of the SM and its predictions, there is the ven-
erable theory of neutrino oscillations. This theory proposes that if neutrinos have
non-zero masses, then basic quantum mechanics predicts that there must be tran-
sitions among the three avors when they travel from source to detector. By now
this phenomenon has been observed in several solar, reactor, atmospheric and ac-
celerator neutrino oscillation experiments. Except for the complex CP violating
phase, all parameters of the neutrino oscillation theory have been measured with
good accuracy (Sec. 14 of Ref. [35]). The solar, accelerator and reactor neutrino
experiments have measured the disappearance of es, while solar and accelerator
experiments have measured the appearance of wrong avor neutrinos from both e
and  sources. Currently, there are two major searches ongoing in the neutrino sec-
tor; one is to measure the CP violating phase angle and the other is to determine
that the three neutrino masses have a normal hierarchy (NH) or inverted hierarchy
(IH). The ongoing medium-baseline reactor neutrino experiments including JUNO,
RENO-50 and the appearance long-baseline neutrino experiments such as T2K and
MINOS and the upcoming experiments such as NOvA and the future experiments
at a neutrino factory are eagerly awaited (Sec.14 of Ref. [35]).
The only experimental challenge that the traditional SM can not address yet is
the neutrino oscillation phenomenon which is the signature of the neutrino masses
and mixings. If the neutrinos are massive, there must be mixings like the quark
mixings, resulting in the avor changing (FC) CC interactions in the lepton sec-
tor. Similarly, if the neutrinos are massive and have mixings, there must be the
violation of weak and lepton universality in the neutrino interactions, called non-
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universal (NU) interactions. The NU and FC interactions are predicted by several
models beyond the SM. In a phenomenological framework of neutrino interactions,
these two are the main sources to probe any new physics beyond the SM. They are
collectively called nonstandard neutrino interactions (NSIs). In this work, we will
be exploring the signature of NU and FC neutrino interactions. First we develop
our method to incorporate both NU and FC NSIs and then explore these NSIs in
the short- and medium-baseline reactor antineutrino oscillation experiments and in
the very-short-baseline reactor antineutrino-electron elastic scattering experiments.
We will investigate how the standard neutrino oscillation parameters are a¤ected by
incorporating the new physics e¤ects in the reactor neutrino oscillation experiments
and how cross sections are inuenced due to the new physics e¤ects in the scattering
experiments.
In the short- and medium-baseline neutrino oscillation experiments, the NSIs are
studied in combination with the neutrino oscillations. These phenomena can confuse
each others e¤ects due to the high degeneracy between the variations of the standard
mixing parameters and the NSI parameters. We also study the very-short-baseline
reactor antineutrino-electron scattering experiments, which can be perfect probes of
NSIs. This is because there are negligible oscillation e¤ects because of their very-
short-baselines. We draw on the data of Daya Bay and the modeled data of its future
upgrade JUNO for the NSIs-plus-oscillations study, as well as the data of TEXONO
and its future upgrade experiment for the NSIs and no-oscillation analysis.
This dissertation is organized as follows. In chapter 2, we review the SM and the
status of neutrino masses and mixings and their interactions in the SM and beyond
the SM. We introduce NU and FC NSIs specic to the two types of experiments in
this chapter. In chapter 3, we present formalism and notations, and the analytical
framework for our phenomenological parameterization of new physics. In chapter 4,
we apply our model to the short- and medium-baseline reactor antineutrino oscilla-
tion data and in chapter 5 to the very-short-baseline reactor antineutrino-electron
elastic scattering data. Chapter 6 is the conclusion and outlook of this work.
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Chapter 2
Neutrino Interactions in the
Standard Model and Beyond
In this chapter, we review the SM and the electroweak theory, the electroweak inter-
actions of neutrinos, the mass generation of the ingredient particles of the SM and
the status of neutrino masses in the SM. We review the conservation laws related
to the lepton sector, the phenomenology of the standard neutrino oscillations and
the neutrino-electron elastic scattering processes. We give an introduction to the
method and type of new physics beyond the SM in the neutrino interactions and
their sensitivities in the reactor antineutrino oscillation and scattering experiments.
2.1 The Standard Model
The SM is the description of a unied framework of the strong, electromagnetic and
weak interactions in terms of the quantum eld theory. It is based on the local
gauge symmetry group SU(2)C SU(2)LU(1)Y ; where the subscripts C;L and Y
indicate color, left-handed chirality and weak hypercharge, respectively. The gauge
group of the model determines the type of interactions and the number of mediating
vector gauge bosons that correspond to the generators of the group. There are
eight massless gauge bosons, the gluons, corresponding to the eight generators of the
SU(3)C group, that mediate strong interactions; four gauge bosons corresponding
to the four generators of the spontaneously broken SU(2)L  U(1)Y electroweak
symmetry group that mediate the electroweak interactions, three of which are the
massive W and Z0 bosons and one massless photon. The electroweak part of the
SM is important in the sense that this part only determines neutrino interactions.
In the SM, electroweak interactions can be studied separately from strong inter-
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actions, because the underlying symmetry of the color group SU(3)C is unbroken
and there is no mixing between the SU(3)C and SU(2)L  U(1)Y sectors; on the
other hand we will see in section 2:2 that the electromagnetic and weak interactions
must be treated together because there is mixing between the neutral gauge bosons
of SU(2)L and U(1)Y . Neutrinos take part only in electroweak interactions while
quarks can interact both via electroweak and strong force in the SM.
The theory of strong interactions is governed by the local symmetry group SU(3)C ,
called quantum chromodynamics (QCD). The Lagrangian of QCD is relatively sim-
ple, but the dynamics of the theory is complicated, this is because of the strong
coupling character of the interaction at low energies, where the perturbative approx-
imations are not allowed. The strong binding of quarks inside nucleons and that of
nucleons inside the nuclei are nonperturbative e¤ects that have not been solved so
far. The dynamics of QCD can be solved perturbatively only at high energies, of the
order of 1 GeV, where the e¤ective coupling constant of strong interaction become
smaller. This observation is named as asymptotic freedom. The QCD mass e¤ects
are numerically calculated in lattice gauge theory in some cases quite successfully
(Sec. 18 of Ref. [35]).
Like all other gauge theories, the symmetry group of the SM determines the
number and properties of vector gauge bosons, with only three independent unknown
parameters corresponding to the three coupling constants of the SU(2)C ; SU(2)L and
U(1)Y , all of which are determined by experiments. On the other hand, the number
and properties of the scalar bosons and fermions are left unconstrained, except for
the fact that they must belong to the representations of the symmetry group and the
representations must lead to the cancellation of the quantum anomalies. In the SM,
the number and properties of the fermions are determined by experiments whereas
the scalar bosons are chosen in order to implement the Higgs mechanism for the
generation of masses of the elementary particles. The striking fact in the formalism
of the SM is that all the elementary fermions of the SM can be accommodated in the
appropriate representations of the symmetry group of the SM with exact cancellation
of quantum anomalies.
One of the unexplainable features of the SM is that of the existence of three
generations of fermions with all the identical properties, except for di¤erent masses.
As according to the particle content scheme of the SM given in the Table 2:1, the
fermions are divided into two types, quarks and leptons. The di¤erence between the
two types is that quarks participate in all the four kinds of interactions, whereas
leptons can participate in all types of interactions except the strong interactions.
Quarks are the basic constituents of hadrons and do not exist as free particles.
This means that the value of their masses depends on the way they are dened. The
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so-called current masses of quarks are the free parameters in the QCD Lagrangian.
The top quark, the heaviest of all the elementary particles, has the smallest relative
uncertainty in its mass, because at the scale of the top quark mass, the nonpertur-
bative strong interaction e¤ects are negligible, where as they dominate in the case
of the light quarks (u, d, s), whose mass uncertainties are very large in comparison
with uncertainty of the top quark mass.
In fermion sector of the SM, if neutrinos are assumed to be massless, there are
13 independent parameters determined by experiments: these are six quark masses,
three charged lepton masses, three quark mixing angles and one phase. In addition
to the three coupling constant parameters in the gauge sector, a small QCD parame-
ter related to the strong CP problem (Sec. 9 of Ref. [35]) and the 13 parameters of
the fermions sector, the SM depends on two more parameters from the scalar boson
sectors, a Higgs mass and a quartic coupling constant, reaching a total of 19 indepen-
dent parameters. Thus, the large number of free parameters in the SM, unexplained
existence of the three generations and the fact that gravitational interactions are
not included in the SM are the unsatisfactory aspects of the SM. This justies the
conclusion that the SM is not the ultimate theory of elementary particles and their
interactions but is a low-energy e¤ective theory.
Since the SM is a renormalizable theory, even its quantum corrections are insensi-
tive to the physics beyond the SM. Because of this reason, the SM is phenomenolog-
ically very successful and so far has been able to describe all the known phenomena,
except for the indications of the neutrino oscillations. Even the electroweak inter-
actions of the neutrinos in the SM have been veried experimentally with a high
accuracy and are universally used for the analysis of the data of neutrino oscillation
and scattering experiments (Sec. 10 of Ref. [35]). In the following, we give an
overview of the electroweak theory and the neutrino interactions.
2.2 The Electroweak Theory
The electroweak part of the SM is based on the locally invariant SU(2)L  U(1)Y
gauge group. The eld contents of the three generations of elementary particles of the
SM relevent for the electroweak theory are given in Table 2:1. The left-hand eld  fL
of each generation transforms as doublet under SU(2) and the right-handed elds  fR
transform as singlets under SU(2) group, except the right-hand neutrinos, because
there exist no right-handed neutrinos in the SM; the SM was formulated as a two
component neutrino theory. The local gauge invariant Lagrangian under SU(2)L 
U(1)Y group for the quarks and lepton elds is
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Fermion Fields Ist Generation 2nd Generation 3rd Generation
Quark Doublets ( qL)  1L =

u
0
d
0

L
 2L =

c
0
s
0

L
 3L =

t
0
b
0
L

L
Quark Singlets ( f1R)  u0R = (u
0
)R  c0R = (c
0
)R  t0R = (t
0
R)R
Quark Singlets ( f2R)  d0R = (d
0
)R  s0R = (s
0
)R  b0R = (b
0
)R
Lepton Doublets ( lL)  L =


0
e
e
0

L
 2L =


0


0

L
 3L =


0


0

L
Lepton Singlets ( f2R)  e0R = (e
0
)R  0R = (
0
)R   0R = (
0
)R
Table 2.1: Field contents of the three generations of the SM fermions.
LEW =  fLi(@ + ig
1
2
 :W + ig
0 1
2
Y fLB) fL
+ f1Ri
(@ + ig
0 1
2
Y f1R B) f1R +  f2R(@ + ig
0 1
2
Y f2R B) f2R; (2.1)
where f = q or l; q = 1; 2; 3 for quarks and l = e
0
; 
0
; 
0
for leptons; f1 = (u
0
; c
0
; t
0
) or
(
0
e; 
0
; 
0
 ); f2 = (d
0
; s
0
; b
0
) or (e
0
; 
0
; 
0
);  are three SU(2) group generators, which
correspond to the three Pauli spin matrices,W is SU(2)L and B is U(1)Y vector
gauge elds, g and g
0
are the corresponding coupling constants and Y fR ; Y
f1
R ; Y
f2
R are
the corresponding hypercharges. Summation over the repeated indices f; f1; and f2
is understood.
The interaction part of the above Lagrangian can be obtained for quarks or
leptons and the gauge elds as
LI =  gjW   g0 1
2
jYB
; (2.2)
which introduces weak interactions of quarks or leptons with the vector elds, where
j; the isovector current, and jY ; the hypercurrent for quarks or leptons are given by
j =  aL
1
2
 aL
jY = Y
f
L  fLi
 fL + Y
f1
L  f1Ri
 f1R + Y
f2
L  f2Ri
 f2R: (2.3)
According to the Gell-Mann-Nishijima relation (Q = I3+ 12Y ); the weak hypercurrent
JY is related to the electromagnetic current J
EM
 and the third component of the
isovector current j3a by
jY = 2(J
EM
   j3a); (2.4)
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Fermion Fields I I3 Y Q
Quark Doublets ( qL) 1=2
1=2
 1=2 1=3
2=3
 1=3
Quark Singlets ( f1R) 0 0 4=3 2=3
Quark Singlets ( f2R) 0 0  2=3  1=3
Lepton Doublets ( lL) 1=2
1=2
 1=2  1
0
 1
Lepton Singlets ( f2R) 0 0  2  1
Table 2.2: Values of the Isospin I, its third component I 3, hypercharge Y and the
electric charge Q I3 + (1=2)Y of doublets and singlets of the SM.
where for quarks and leptons, JEM and j
3
 are given as
JEM = Qf1f 1f1 +Qf2f 2f2; (2.5)
j3 =  fLi
1
2
 3 fL =
1
2
f 1Lf1L  
1
2
f 2Lf2L; (2.6)
where Qf1 is electric charge of the up-quarks and Qf2 is electric charge of the down-
quarks or of charged leptons as given in Table 2:2. In terms of the raising and lowering
operators; j  j1ij2; and the bosons elds,W   1p2(W1iW 2); representing
the two charged gauge particles W, the interaction Lagrangian of Eq. 2:2 can be
written as,
LI =   gp
2
j+W
+   gp
2
j W
    gj3W3  
g
0
2
jYB
; (2.7)
where the two neutral vector elds W3 and B mix with each other producing one
massless linear combination, A, and an orthogonal combination, Z:
A  B cos W +W 3 sin W
Z   B sin W +W 3 cos W : (2.8)
When we write the interaction Lagrangian in terms of A and Z and then com-
pare the coe¢ cient of A with the electromagnetic coupling, gejEM A; and applying
the relation of Eq. 2.4, we get
g sin W = g
0
cos W = ge; (2.9)
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Fermions gfV g
f
V
e; ;  1=2 1=2
e; ;   1=2 + 2 sin2 W  1=2
u; c; t 1=2  4=3 sin2 W 1=2
d; s; b  1=2 + 2=3 sin2 W  1=2
Table 2.3: Vector and axial-vector of NC for up-quarks, down-quarks, charged leptons
and the neutrinos.
which indicates that the weak and electromagnetic coupling constants are not in-
dependent from each other. Using the above relation one can write the interaction
Lagrangian in the form
LI =  ( gp
2
j+W
+ +
gp
2
j W
 )  gejEM A  
ge
sin W cos W
jNCZ; (2.10)
or more conventionally as
LI =  ( gwp
2
jCC W
 + h:c:)  gejEM A   gzjNCZ; (2.11)
where gw  g; gz  ge= sin W cos W and
jCC = f 1Lf2L
jEM = Qf1f 1f1 +Qf2f 2f2
jNC = j
3
   sin2 W jEM (2.12)
are the CC, electromagnetic and NC parts of the electroweak Lagrangian. Using Eq.
2:5 and 2:6 and the designations of quarks and leptons from Table 2.2, the NC, JNC ;
can also be written as
jNC =  f(g
f
V   gfA5) f ; (2.13)
where gfV and g
f
A are the vector and axial vector coupling coe¢ cients for the NC and
their values are given in Table 2:3.
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Higgs Doublet I I3 Y Q
(x) 

+(x)
0(x)

1=2
1=2
 1=2 +1
1
0
Table 2.4: Values of the Isospin I, its third component I 3, hypercharge Y and the
electric charge Q I3 + (1=2)Y of Higgs doublet.
2.3 Spontaneous Symmetry Breaking: Higgs Mech-
anism
As pointed out in section 2:2 that in order to guarantee the local gauge invariance,
all the elementary particles have to be massless. For mass generation of the par-
ticles, the notion of spontaneous symmetry breaking of the local gauge symmetry
groupSU(2)L  U(1)Y , called Higgs mechanism, is used. In the Higgs mechanism,
the electroweak symmetry SU(2)L  U(1)Y is spontaneously broken to a residual
U(1)Q; which is the gauge symmetry group of the electromagnetic interactions corre-
sponding to the conservation of electric charge and the massless photon eld. U(1)Q
is known to be unbroken. The gauge bosons and the fermions get their masses
through Higgs mechanism. Adding the following local SU(2)LU(1)Y gauge invari-
ant Lagrangian to the electroweak Lagrangian for the generation of masses through
the Higgs mechanism,
Lh = ((@ + ig1
2
 :W + ig
0 1
2
Y LB))
y ((@ + ig
1
2
 :W + ig
0 1
2
Y LB))  V (y);
(2.14)
where  is complex scalar eld, called Higgs eld, T  (+ 0); which transforms
as SU(2) doublet, + is the complex scalar eld of the charged particles and 0 is
the complex scalar eld of the neutral particles and Y L is hypercharge for the Higgs
elds, accordingly. The assignments of the electric charges and the hypercharges are
given in Table 2.4. Here, V (y) is the potential chosen as
V (y) =  2y+ (y)2
= (y  
2
2
)2   
4
4
; (2.15)
where 2 and  are assumed to be positive real constants. It is clear from the
potential that the eld  develops non-zero vacuum expectation value (y)0 =
2
2

11
2
2
; where  = p

. Since the conservation of the electric charge leads to vacuum
expectation value of the charged eld + equals zero, therefore we can choose the
minimum of the Higgs eld 0 in the form 
T
0 = (0
p
2
).
In a di¤erent gauge, called unitary gauge, the perturbatively calculated ampli-
tudes are manifestly unitary, which is not true in other gauges. Using the unitary
gauge, T (x) = (0 +H(x)p
2
); where H(x) is a real function with vacuum expectation
value equal to zero and the potential from Eq. 2.15, the interaction part of the
Lagrangian in Eq. 2.14 becomes,
LhI = g
2
4
( +H)2W yW
 +
g2 + g
02
8
( +H)2ZZ
   
4
(2H +H2)2; (2.16)
where
Z =
gp
g2 + g02
A3  
g
0p
g2 + g02
B, (2.17)
whose orthogonal combination, which is the physical photon, remains massless due
to the unbroken U(1)Y ; is
A =
g
0p
g2 + g02
A3 +
gp
g2 + g02
B: (2.18)
The masses of W, Z, the Higgs eld H and no mass term for the electromagnetic
eld, the photon (), are evident from the mass term of Eq. 2:16 and give the masses,
mW =
1
2
g; mZ =
1
2
p
(g2 + g02); mH =
p
2 =
p
2; m = 0: (2.19)
2.4 Fermions Masses and Mixings
In the electroweak part of the SM as described above, fermions generate their masses
via Yukawa couplings by interacting with the minimum of the Higgs eld after the
spontaneous symmtry breaking in Higgs mechanism. Because quarks and leptons
interact di¤erently in electroweak interaction processes, so we discuss the mass gen-
eration mechanism for both sectors separately.
2.4.1 Quark Masses and Mixings
Adding the following Lagrangian for the Yukawa interaction of the quark and Higgs
elds,
LY uk =
p
2

 aLM
d
aq0q
0
R +
p
2

 aLM
u
aq0q
0
R
e + h:c:; (2.20)
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where Md and Mu are complex 3 3 matrices and the summation over the repeated
indices is understood. Requirement of U(1)Y invariance demands that the right-
handed elds q
0
R in the rst term are elds of the down-type quarks d
0
R; s
0
R; b
0
R
and q
0
R in the second term are elds of the up-type quarks u
0
R; c
0
R; t
0
R. Using the
unitary gauge, T (x) = (0 +H(x)p
2
) and eT (x)  i 2 = (+H(x)p2 0), after the
spontaneous symmetry breaking, the Yukawa term becomes
LY uk =  D
0
LM
dD
0
R(1 +
H

)   U 0LMuU
0
R(1 +
H

) + h:c:; (2.21)
where
D
0
L;R =
0@d0L; Rs0L; R
b
0
L; R
1A ; U 0L;R =
0@u0L; Rc0L; R
t
0
L; R
1A ; (2.22)
the rst and third terms are mass terms for the down- and up-type quarks while
the second and fourth terms are the interactions of the Higgs eld with down- and
up-type quarks, respectively. The complex matricesMu andMd can be diagonalized
by the bi-unitary transformations,
Md = V dLm
dV dyR ; M
u = V uLm
uV uyR ; (2.23)
where V dL;R, V
u
L;R are complex 3 3 matrices and
mu  diag(mu;mc;mt); md  diag(md;ms;mb)
are the diagonal matrices. We can write the diagonalized mass terms of the La-
grangian as
Lmass =  D
0
LV
d
Lm
dV dyR D
0
R   U
0
LV
u
Lm
uV uyR U
0
R + h:c:;
=  DLmdDR   ULmuUR + h:c:; (2.24)
where
DL;R = V
dy
L; RD
0
L; R; UL;R = V
uy
L; RU
0
L; R (2.25)
and
D = DL +DR =
0@ds
b
1A ; U = UL + UR =
0@uc
t
1A ; (2.26)
From Eq. 2:24, 2:25 and 2:26, we obtain the standard mass terms of up- and down-
type quarks as
Lmass =  mu1u1u1 + md1d1d1 + h:c:; (2.27)
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where are u1 = (u; c; t) and d1 = (d; s; b) are quark elds with denite masses and the
summations over u1 and d1 are understood andmu1  yu1p2 ; md1  yd1p2 : Here, yu1 and
yd1 are the unknown dimensionless coupling parameters called, Yukawa constants.
Thus, the masses of quarks cannot be predicted by the SM, but are obtained from
experimental measurements.
2.4.2 Quark Charged Currents with Mixings
Using the notation of Eq. 2:22; we can rewrite CC for quarks given in Eq. 2:12 in
the form,
jCC = 2U
0
LD
0
L: (2.28)
Using Eq. 2:25 and 2:28, one can write the CC, jCC ; in terms of the elds of quarks
with denite masses as
jCC = 2ULV DL; (2.29)
where
V = V uL
yV dL =
24 Vud Vus VubVcd Vcs Vcb
Vtd Vts Vtb
35 ; (2.30)
is a 33 unitary matrix for the three generation of quarks, called Cabibbo-Kobayashi-
Maskawa (CKM) mixing matrix, denoted by VCKM ; which can be parameterized with
three angles and one phase as
VCKM =
24 c12c13 s12c13 s13e iCP s12c23   c12s23s13eiCP c12c23   s12s13s23eiCP c13s23
s12s23   c12s13c23eiCP  c12s23   s12s13c23eiCP c13c23
35 ; (2.31)
where cij = cos ij; sij = sin ij; the angles ij = [0; 2 ]; CP = [0; 2] is the Dirac
CP violation phase. The individual elements of the mixing matrix describe the
transitions of di¤erent quark avors and have to be determined experimentally. The
experimentally measured global ts are given in section 12 of Ref. [35]. Thus, the
CC for quarks can be presented in terms of the physical elds u1 and d1 as,
jCC = 2[u1LVu1d1d1L]; (2.32)
which indicates that the left-handed components of the elds of the down-type quarks
dL; sL; bL take part in the CC interactions of the SM in mixed forms, Vud1d1L;
Vcd1d1L; Vtd1d1L; respectively. The mixing of quarks arises due to the fact that the
unitary matrices V dL and V
u
L that connect left-handed primed and the physical elds
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of down- and up-type quarks, are di¤erent. Contrarily, this is not the case in the
lepton sector leading to no mixings in the lepton sector, which we will discuss in
the next section. Thus, it follows from Eq. 2.32 that quarks change their avor in
CC interactions not only within the same generation, but also across the generation,
such as d$ u and s$ d are all possible transitions in CC interactions.
2.4.3 Lepton Masses and (Mixings)
One can notice from the eld contents of the SM given in Table 2.1 that no right-
handed neutrino elds exist in the SM. The absence of right-handed neutrinos in the
SM makes it impossible to produce neutrino masses via Yukawa interactions after
the spontaneous symmetry breaking in the Higgs mechanism. In the following, we
can consider the mass generation via Yukawa interaction only for charged leptons,
but not for the neutrinos. Consider the following Lagrangian for the charged leptons
and the Higgs elds,
LlY uk =  
p
2

 lLM
l
ll
0
1
l
0
1R+ h:c:; (2.33)
where M l is a complex 3  3 matrix and  is the Higgs eld dened as dened in
section 2:2: When the symmetry breaks spontaneously, one nds
LlY uk =  L
0
LM
lL
0
R(1 +
H

) + h:c:; (2.34)
where
L
0
L; R =
0@e0L; R0L; R

0
L; R
1A : (2.35)
The complex matrices M l can be diagonalized by the bi-unitary transformations,
M l = ULm
lU yR; (2.36)
where UL; R are the complex 3 3 unitary matrices and ml  diag(me; m; m ) is
the diagonal mass matrix. Using Eq. 2:35 and 2:36; one can write Eq. 2:34 as
LlY uk =  LLmlLR(1 +
H

) + h:c:; (2.37)
where
LL = U
y
LL
0
L; LR = U
y
RL
0
R: (2.38)
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From Eq. 2:37; one can obtain the following expression for the Lagrangian of leptonic
Yukawa interactions,
LlY uk =  LmlL(1 +
H

) + h:c:; (2.39)
where
L = LL + LR =
0@e

1A : (2.40)
More explicitly,
Lmass = mlll(1 + H

) + h:c:; (2.41)
where the rst term is standard mass term of the charged lepton elds l  (e; ; )
with denite masses ml and the second term is the interaction of Higgs eld with the
charged leptons. Here ml  ylp2 ; where yl are the dimensionless coupling constants,
called Yukawa constants. Like quarks, the masses of the charged leptons can also
not be predicted by the SM, but are obtained by experimental measurements.
2.4.4 Leptonic Charged Currents without Mixings
Using the notation of Eq. 2:35 for the charged leptons, one can rewrite CC for the
leptons in the form
jCC = 2
0
LL
0
L; (2.42)
where

0
L =
0@ 0eL 0L

0
L
1A : (2.43)
Taking into account Eq. 2:38, we have for the leptonic CC
jCC (x) = 2LLL (2.44)
where,
L = U
y
L
0
L =
0@eLL
L
1A ; (2.45)
or more explicitly,
= 2lLlL; (2.46)
where l is the charged lepton eld with the mass ml and l is the corresponding
massless neutrino eld. As mentioned in section 2:2 that the SM was built for the
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massless neutrinos due to the two component neutrino theory, therefore only the
left-handed neutrino elds take part in the standard model electroweak interactions.
2.5 Lepton Flavor Conservation
For massless neutrinos the total electroweak Lagrangian is invariant under the fol-
lowing global gauge transformations

0
lL(x) = e
illL(x); l
0
(x) = eill(x); q
0
(x)! q(x); (l = e; ; ) (2.47)
where l are arbitrary constant phases. It follows from the invariance under the
above transformations that the total electron (Le); muon (L) and tau (L ) lepton
numbers are conserved:X
i
Lie = const;
X
i
Li = const;
X
i
Li = const: (2.48)
This conservation law in the SM is in general called lepton avor conservation. The
assigned lepton numbers are listed in Table 2:2. The corresponding anti-particles of
these leptons will have lepton numbers opposite in sign. The law of lepton avor
conservation states that in the CC decays together with e , e is produced, with  ,
 is produced etc. At present, we know that the law of lepton avor conservation
approximately holds and is violated in the neutrino oscillation phenomenon due to
the small neutrino masses and mixings. Moreover, if neutrinos are massive and have
mixings, there are strong opinions for the direct lepton avor violation due to some
new physics interactions. As a result there should exist lepton FC CCs. In this
work, we will explore the hints of such FC NSIs in the currently running neutrino
oscillation and scattering experiments.
e; e
  ;    ;  
Le 1 0 0
L 0 1 0
L 0 0 1
Table 2.5: Lepton avor numbers of the Leptons
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2.6 Neutrino Masses and Mixings: Lepton Flavor
Violation
The rst direct experimental evidence that the lepton avor conservation is approx-
imate is the neutrino oscillations due to the small neutrino masses and the mixing.
In the SM, we noticed that the neutrino masses are set equal to zero. On the other
hand, If the right-handed neutrinos are assumed to exist, then their masses can be
formally generated through the standard Higgs mechanism, though it is very un-
likely that the standard Higgs mechanism is responsible for the generation of the
small masses of neutrinos (Sec. 11 of Ref. [35]).
In order to generate the tiny neutrino masses we consider the following Lagrangian
of the Yukawa interactions of neutrinos and the Higgs eld,
LY uk =  
p
2

 l0LM
0
l0 l
0
lR
e+ h:c:; (2.49)
where the right-handed neutrino elds 
0
lR are singlets of the SU(2) group, M
0
is a
complex 3  3 matrix and e is the conjugated Higgs doublet given in section 2:2.
After the spontaneous breaking of the electroweak symmetry, one can nd that,
LY uk =  
0
l0LM
0
l0 l
0
lR(1 +
H

) + h:c: (2.50)
=   0LM
0

0
R(1 +
H

) + h:c:; (2.51)
where

0
L;R =
0@ 0eL;R 0L;R

0
L;R
1A : (2.52)
Using Eq. 2:45, one can nd
LY uk =  LM
0
R(1 +
H

) + h:c., (2.53)
where M = U yLM
0
and the rst term is the neutrino mass term is
Lm =  LM 0R + h:c: =  l0LMl0 l
0
lR + h:c:: (2.54)
For the complex matrix M , one can have
M = UmV y; (2.55)
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where m  diag(m1;m2;m3) and U and V are the unitary 3  3 matrices. For the
neutrino mass term from Eq. 2:54 and Eq. 2:55 one can nd the following expression
Lm =  m =  miii; (2.56)
where summation over "i" is understood and
U yL = L; V y
0
R = R;  = L + R; (2.57)
and
 =
0@12
3
1A : (2.58)
Thus, i is the eld of the neutrino with the mass mi: From Eq. 2:57, it follows
that the avor neutrino elds lL; which enter into the leptonic CC and NCs are
connected with the left-handed components of the massive neutrino elds iL by the
mixing relation
lL(x) = UliiL(x); (l = e; ; ); (2.59)
where U is the unitary mixing matrix which connect the neutrino avor eigenstates
with their mass eigenstates. Similarly, for right-handed neutrino elds we have
lR(x) = VliiR(x); (l = e; ; ): (2.60)
In case of massive and mixed neutrinos the total Lagrangian is not invariant under
the transformations of Eq. 2:47 and thus the lepton avor conservation no longer
holds. However, in this case the total lepton numbers L  Le+L+L is conserved.
2.7 Neutrino Oscillations
Consider the left-handed neutrino avor state j(x)i at initial space-time position
x = 0, then from Eq. 2:59, the left-handed neutrino unphysical state is connected
with the left-handed neutrino physical state by a unitary mass mixing matrix "U"
as
j(0)i = Ua jai ; (a = 1; 2; 3) (2.61)
where the summation over "a" is understood. At later space-time position "x", the
neutrino avor eigenstate evolves as,
j(x)i =
3P
a=1
Ui exp( ipa:x) jai : (2.62)
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In the ultra-relativistic limit, t  L; and because of the unitarity of the matrix U;
we can write
j(L)i = Ua exp( im
2
aL
2Ea
)(Ua ji): (2.63)
Therefore, the neutrino oscillation amplitude will be as
h j(L)i = Ua exp( im
2
aL
2E
)Ua: (2.64)
Taking modulus square of the amplitude, one can obtain the neutrino oscillation
probability as
P ( ! ) =    4
P
a>b
Re(UaUaU

bU

b) sin
2(
m2abL
2E
) (2.65)
 2P
a>b
Im(UaUaU

bU

b) sin(
m2abL
2E
); (2.66)
where U are the entries of the 3 3 unitary neutrino mass mixing matrix , called
PMNS (Pontecorvo-Makki-Nakagawa-Sakata) matrix, denoted by UPMNS and is pa-
rameterized in the standard form into 3 angles and 1 CP violation phase [35]:
UPMNS =
24 c12c13 s12c13 s13e iCP s12c23   c12s23s13eiCP c12c23   s12s13s23eiCP c13s23
s12s23   c12s13c23eiCP  c12s23   s12s13c23eiCP c13c23
35 ;
(2.67)
where cij = cos ij; sij = sin ij; the angles ij = [0; 2 ];  = [0; 2] is the Dirac
CP violation phase. This is the most commonly used convention for the parame-
terization of the PMNS matrix.
There are six fundamental parameters characterizing the 3 neutrino oscillation
phenomenon. These are the three mixing angles 12; 23; 13, the two mass squared
di¤erences and one CP violation phase. The most recent best-t values of the three
neutrino mixing parameters, derived from solar, reactor, atmospheric and accelerator
experiments are given in Table 2.6.
If one compares the PMNS matrix of Eq. 2:67 with the CKM matrix of Eq. 2:31,
it can be observed that though the two matrices have the same forms and have the
same anglesnotations as given in Table 2.6, but the values as determined by the
experiments are completely independent. The SM makes no theoretical constraint
between the two and, in fact, the experimentally determined values are quite di¤er-
ent. This has lead to a lively, ongoing e¤ort to nd a theoretical link between the
two in the hypothesized new physics theory extensions of the SM.
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Mixing Angles Quarks Leptons NH (IH)
12=
0 ' 13 33 (33)
23=
0 ' 2:4 42 (49)
13=
0 ' 0:20 8:50 (8:51)
CP=0 ' 69 306 (254)
Table 2.6: Quark mixing angles vs. lepton mixing angles and CP-violating phases
[88, 89].
2.8 Neutrino- and Antineutrino-Electron Elastic
Scatterings
The very-short baseline neutrino- and antineutrinoelectron elastic scattering processes
are the simplest interactions of neutrinos with the basic constituent of matter, which
are very clean processes because they involve no hadronic structure complications
and are free of strong interactions e¤ects. These processes are used for precision
tests of the SM, to determine the weak mixing angle W ; test for magnetic moments
of neutrinos and other new physics such as unparticles and NSIs. At the leading
order in the weak interaction perturbation theory, neutrino electron interactions
involve only free leptons, whose interaction amplitude can be calculated by using
the Feynman rules. In the following, we focus only on antineutrinoelectron elastic
scattering processes, because we have to analyze the TEXONO experiment which is
an antineutrino-electrons elastic scattering experiment. In the SM, the low-energy
antineutrinos with avor  = e; ;  interact with electrons through the elastic
scattering process as
 + e!  + e; ( = e; ; ): (2.68)
At tree-level, the elastic scattering process, e + e ! e + e; receives contribution
both from the CC and the NC and the process, ;  + e ! ;  + e receives
contribution only from the NC. For the low energy neutrinos, where the W and
Z propagators e¤ects can be neglected, the above processes are described by the
e¤ective CC and NC Lagrangians in Eqs. 2:11 and 2:12. For example, the e¤ective
low-energy Lagrangians for the elastic processes of e  e and ;   e scatterings are
Leff (ee! ee) =  2
p
2GF (e  (geRPR + (geL + 1)PL)e) (e
PLe)
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and
Leff (;e! ;e) =  2
p
2GF (e  (g;RPR + gLPL)e) (;
PL; );
where gR  gV + gA , gL  gV   gA; and the coe¢ cients gV and gA are given in
Table 2:3. The di¤erential cross-sections of e  e and ;   e scatterings in the lab
frame are,
d(ee)
dT
=
2G2Fme

[g2eR + (geL + 1)
2

1  T
E
2
  (geR(geL + 1)]) meT
E2
]; (2.69)
and
d(;e)
dT
=
2G2Fme

[g2;R + g
2
L

1  T
E
2
  g;R g;LmeT
E2
]; (2.70)
where me is the electron mass, E is incoming neutrinos energy and T is the recoiled
electron energy. In the following, we introduce the new physics e¤ects in the neutrino
interactions we will be interested in to explore them further.
2.9 The New Physics and the Neutrino Interac-
tions
In spite of the fact that SM is a phenomenologically very successful theory and
even its quantum corrections are not sensitive to the new physics beyond the SM,
but it is still unable to explain the tiny neutrino masses and mixings and their
oscillations. This is an indication that there exists a more fundamental theory which
can address the neutrino masses and mixings. Although the SM interactions of
neutrinos have been veried experimentally with a high accuracy and the results are
used for the neutrino oscillation and scattering experiments globally, there is still a
strong motivation to study NSIs to probe for hints of any new physics beyond the SM.
These NSIs can a¤ect the production of neutrinos at any source, their propagations
in vacuum or in matter and the detection in any kind of experiment based on the
neutrino interactions. [29, 78, 79, 80, 81, 82, 83, 84, 85, 86].
The goal of neutrino oscillation and the neutrino-fermions scattering experiments
usually is to probe those extensions of the SM which can predict the non-zero masses
of neutrinos. In the usual treatment of neutrino oscillation and neutrino-fermions
scattering experiments, it is assumed that neutrino interactions are only based on the
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SM interactions. If the neutrino masses and mixings are induced by physics beyond
the SM then treating neutrino interactions from the SM can be a good approxi-
mation of the new physics models beyond the SM. In principle, if NSIs contribute
to the neutrino interactions then the result we draw from the experimental data of
neutrino oscillation or neutrino-fermions scattering experiments can be changed. For
example, in a typical long-baseline neutrino oscillation experiment, even for massless
neutrinos, the NSIs can allow for muon neutrino avor to produce an electron during
the scattering process in the detector and can produce the erroneous conclusion that
neutrino oscillations have been observed.
The NSIs is the key feature of the avor-mixing models [50, 87]. Most of the
models that predict the existence of the neutrino masses and mixings, and conse-
quently the existence of neutrino oscillations should, in principle, contain the NSIs
due to the leptonic FC and NU interactions. Some of the interesting models beyond
the SM do not predict neutrino masses at the tree level, but the NSIs can generate
them at quantum loop level [78, 79, 80, 81]. Even in certain models, with the help of
resonant conversion, massless neutrinos can mix up with each other in a non-trivial
way producing the neutrino avor transitions during propagation through matter
[82, 90].
In this scenario, it becomes very natural to extend the phenomenological frame-
work for oscillations of the propagating neutrinos to include the standard and non-
standard neutrino interactions e¤ects in a single unied framework that allows one
to survey all the e¤ects at once, that is, the standard and nonstandard interactions
at source, detector and propagations. In this work, we deal with the propagation of
neutrinos only in vacuum, so we focus on NSIs only at source and detector and do
not study NSIs in propagations along with the matter e¤ects. We do not include
the specic models of NSIs and emphasize on the model-independent features of the
phenomenon.
There are several studies of NU and FC NSIs considered in the experiments of
solar and atmospheric neutrino oscillations. The authors of Ref. [83] apply the
combined neutrino oscillation and NSIs analyses, which is based upon earlier work
on matter e¤ects with NSIs [84, 85, 86], to the analysis of resonant conversion of
electron neutrinos to other avors as an explanation of the solar neutrinos decit
[90], while in Refs. [91, 92], an explanation of the zenith angle dependence of the
SuperKamiokandes result using FC neutrino-matter interactions was investigated.
In both cases signicant new physics e¤ects were reported.
A clean and convenient parameterization of the situation was achieved separating
the problem into production, propagation and detection in Ref. [30]. The formalism
was then applied to a wide range of accelerator based appearance neutrino exper-
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iments like LSND and NOMAD in Ref. [30, 31]. In this treatment, the authors
investigated that a small NSIs strength could have signicant consequences on the
interpretation of the experimental data. They have shown that the borders of the
allowed regions in the two and three avor mixing parameter and the neutrino oscil-
lation amplitudes can be sensitive to NSIs when the standard oscillation e¤ects are
small.
In this study we develop a model-independent phenomenological framework,
which includes NSIs both due to FC and NU e¤ective four Fermi interactions of
purely leptonic and semi-leptonic types at the neutrino source and at detector. Next
we present the setup to describe the production, propagation and detection for the
situation when neutrinos are relativistic, the source of neutrinos is neutron beta-
decay, the propagation is in vacuum and the detector is the proton or electron target.
We perform both NSI-plus-oscillation analysis and NSI-plus-no-oscillation analysis,
where the source of NSIs at production and detection in the rst case are the same
and are di¤erent in the second case. In the rst case, the source of NSIs at the
production and detection is the semileptonic interactions and in the second case the
source of NSIs at the production point is the semileptonic, but at the detection point,
it is purely the elastic leptonic scattering process. In the following, we give a short
update on the latest reactor antineutrino oscillation and scattering experiments and
introduce the possible NSI sensitivities in these experiments.
2.9.1 Sensitivity of the Reactor Antineutrino Oscillation Ex-
periments to the New Physics
In the year 2012, the Double Chooz [1], Daya Bay [2] and RENO [3] reactor elec-
tron neutrino disappearance experiments have announced measurements of the long-
sought parameter sin2(213) in the vicinity of 0:1. The signicance of the measure-
ments of Daya Bay and RENO is many standard deviations from zero, making their
results a milestone in the understanding of neutrino physics. Daya Bays result
is especially interesting because of its systematic error is factor 3 smaller than its
statistical error in the rst announced result and a factor 2 smaller in the second
announcement with greatly increased statistics [4]. The total uncertainty is about
12% and the ultimate uncertainty estimate is 1=3 of that. The plans for substantial
increase in precision of these measurement and ongoing plans for increased precision
from accelerator experiments beyond MINOS [5] and T2K [47] make this a good time
to assess the impact on searches for new physics, such as those surveyed in Refs. [7],
[8] and [9]. Short- and medium-baseline reactor neutrino experiments involve only
vacuum oscillations and thus are ideal for the purpose of revealing e¤ects of FC
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NSIs at source and detector [8], since avor conserving NSIs and their contribution
to matter e¤ects play a signicant role only in the analysis of higher energy, longer
baseline experiments.
Though charged lepton decays put stringent bounds on many lepton avor violat-
ing parameters in the "CC" modes, the direct evidence against lepton avor violation
in neutrino experiments, referred to as "model independent limits", is much weaker
[10]. There is now a strong e¤ort to use the large value of sin2(213) to determine
the mass hierarchy (MH) [11, 12, 13, 14, 15, 16, 17, 18, 19, 21, 22, 20] in medium-
baseline experiments, such as the JUNO [23, 24, 25] and RENO-50 [26] projects. This
goal was inaccessible in the KamLAND experiment [27], both because the value of
sin2(213) was unknown and the statistics, though su¢ cient for measuring tan2 12
and m221, were far short of measuring sin
2(213) and determining the MH. It is
an ideal time to combine the short-baseline measurements of the value of sin2(213)
and the planned reactor medium-baseline, precision MH measurements to assess the
prospects of exploring new physics. The current status of NSIs, including recent
work on reactor neutrinos, is reviewed in Ref. [28].
We implement the short-baseline constraint between sin2(213) and NSI parame-
ters inherent in "same physics at source and detector", left handed NSIs to deter-
mine the conditions required in the medium-baseline experiments to probe deeper
into the NSI parameter space to look for new physics e¤ects. Allowing the input
value of sin2(212) to vary, we nd a degeneracy between the choice of this mixing
angle and the choice of NSI parameter. Given the current precision of its measure-
ment, we nd this degeneracy limits the reach of the reactor data for probing NSIs to
values comparable to those already achieved [10]. Higher sensitivity can be achieved
as solar neutrino experiments with di¤erent physics in the source, propagation and
detection chain improve precision in step with that in reactor neutrino measure-
ments. Analysis of solar experiments including the NSI at the source (8B decay for
instance) but di¤erent NSIs at the detector, or no NSIs at the detector, combined
with the current analysis would be necessary. The neutrino detection in the purely
leptonic or neutral current modes would satisfy this requirement. To the best of our
knowledge, only NSIs in propagation and/or detection have been done for the solar
neutrino case [28].
Turning to the MH question, we nd that the discrimination between the NH and
IH of neutrino mass splittings is complicated in the presence of NSIs, showing that
the sensitivity to the MH can be signicantly a¤ected depending on the magnitude
and sign of a NSIs parameter, enhanced if positive and suppressed if negative.
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2.9.2 Sensitivity of the Reactor Antineutrino-Electron Scat-
tering Experiments to the New Physics
In the last couple of years, short-baseline reactor [44, 45, 46] and the long-baseline
accelerator neutrino experiments [47, 48] have made a vital progress in our under-
standing of the neutrino mixings by measuring the keystone mixing parameter 13
in two totally independent processes. The short-baseline reactor neutrino experi-
ments measure disappearance of e in the beam of es, indicating oscillation into
other avor of neutrinos during the ight of one to two kilometer from reactor core
to the detection site. The long-baseline accelerator neutrino experiments measure
the appearance of e in the  ux from an accelerator during the trip of hundreds
of kilometers from accelerator laboratory to the detector. Together, these experi-
ments not only measure the precise value of the mixing parameter, sin2(213); but
also constrain the CP violating phase angle, ; in the neutrino mass mixing matrix
[47, 48]. Moreover, the data provide a potential, but a powerful probe of NSIs in
the neutrino sector involving some combination of neutrino source, propagation, and
detection [29, 49, 50]. For example, the MINOS experiment has constrained the  
FC NC parameter [75], which a¤ects the propagation of , while Ref. [76] nds an
allowed range of NSI parameters that allow the di¤erent central values for sin2(213)
measured in Ref. [47] and [45] to be compatible with each other, even if their central
values remain unchanged as their uncertainties shrink.
   e and    e elastic scattering experiments provide a very clean probe to
search for NSIs. Several attempts have been made to constrain the NSI parameters
at detectors using the data of accelerator based  e scattering experiments, LAMPF
[57] and LSND [58], and reactor based  e scattering data of Savannah River [59, 60],
Krasnoyarsk [61], Rovno [62], MUNU [63] and TEXONO [51] in Refs. [64, 65, 65, 67].
The most recent of them is the TEXONO experiment which uses the  e scattering
process to measure the precise value of the weak mixing parameter sin2 W [51].
Using the same data, the TEXONO collaboration also constrain the NU and FC NSI
parameters at the detector [52].
We explore the constraints on semileptonic, CC, NU and FC NSI parameters and
likewise for both NU and FC purely leptonic NSI parameters. The former appear
in the e¤ective Lagrangians for neutrino production at reactors and accelerators
and for neutrino detection by inverse beta decay. The latter appear in the neutrino
production fromMuon-decay and from neutrino detection by  e or  e scatterings.
We focus on the case of very- short-baseline reactor neutrino experiments of e source
and detection of the recoil electron from elastic e  e scattering at the detector. We
rely heavily on the example provided by the TEXONO experiment [51, 52], which
26
measures the recoil electron spectrum from reactor antineutrinos interacting with
the electrons in a detector of CsI(Tl) scintillating crystal array. Since the baseline
is less than 28 meters, the oscillation of the beam can be ignored, thus providing
an especially clean test of FC "wrong avor"  or  or NU "right avor" e from
the semileptonic nuclear decays in the reactor. Baselines this much short avoid the
degeneracies between NSI parameters and standard neutrino mixing parameters that
occur in the analysis of data from reactor experiments with kilometer [44, 45, 46]
or tens of kilometer baselines [53], degeneracies that are discussed in several recent
studies [54, 55, 56].
We extend the work of Ref. [52] by incorporating the e¤ects of NSIs produced
at the source and by including the phase dependence of the FC NSIs at the detector
using the data from the TEXONO experiment. In Ref. [52], only the NSIs at the
detector in the single channel of e   e scattering are considered. With NSIs at
the source, there is a modication of the e component and an addition of  and
 components, so    e scattering and    e scattering must be incorporated by
including NSI in the elastic, purely NC,    e and    e scattering cross sections,
applicable for analyzing data from any short-baseline neutrino scattering experiment
where the oscillation e¤ects are ignorable. Our "no-NSI propagation e¤ects" study
complements those that probe NSIs with solar neutrino, accelerator neutrino and
other reactor neutrino experiments, which involve di¤erent combinations of NSI at
source, propagation and detection e¤ects [64, 65, 66, 67, 7, 68, 69].
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Chapter 3
Formalism and Notations for the
New Physics
In this chapter, we introduce methods for measuring the possible NSI e¤ects using
a model-independent approach. In this approach, we do not specify any model since
we emphasize on the model-independent aspects of the oscillation-plus-direct-FC
analysis. We consider the e¤ective four fermions interactions which conserve the
Lorentz structure, but violate lepton avor numbers and lepton universality. So, the
basic sources of the NSI e¤ects will be the nonuniversality and/or avor changing
interactions. In the following section, we dene the parameterization and notation
specic to our model-independent phenomenological approach and the notion of a
generalized transition probability, which contains both transition due to oscillations
and the direction avor change. The formalism developed is then applied to an
example drawn from the current and future disappearance experiments.
3.1 The New Physics Lagrangians
We take into account the new physics e¤ects at the point of production and at the
point of detection of neutrinos. The neutrinos are produced in the semi-leptonic
CC interactions and are detected in the equivalent inverse beta decay processes.
Similarly, neutrinos are also produced in purely leptonic decays and may be detected
through the elastic scatterings with electron. All these processes are governed by
introducing the following Lagrangians for semileptonic and leptonic processes as
LS = 2
p
2GFK
h
A(l APhUaa)[d A(c1PL + c2PR)u]
y + h:c; (3.1)
and
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LL = 2
p
2GF "
hh
0
A(l APhUaa)(l APh0Ubb)
y; (3.2)
where GF is the Fermi constant and we will use its value in all our analyses as
GF = 1:1663787(6)  10 5GeV  2[35]; the coe¢ cients "K" and """ represent the
coupling strengths for the di¤erent combinations of lepton avors or the amount of
admixture of h = L; R projections.; ; :::: are avor indices used throughout
in our analyses, while the a; b; c; ::: mass indices. The coe¢ cients c1 and c2 allow for
di¤erent strengths for L and R couplings to the quark currents. All the repeated
indices are summed up in Eq. 3:1. The Lorentz structure of the bilinear forms,
 ; is labeled by A = Scalar (S); Vector (V ) or Tensor (T ) (which correspond to
the Dirac matrices: 1; ;  ) and Ph = PL; R =
15
2
denotes the left  and
right  helicity projection operators. The Ua are the unitary matrices that relate
the mass eigenstates with the avor eigen states. Notice that since the CKM factors
multiplying GF have no direct role in our analysis, therefore they are suppressed in
the notation.
The Lagrangian given in Eq. 3:2 is a direct generalization of the generic Muon-
decay, four-fermions interaction process in order to include all kinds of the lepton
avor violations. Using Fierz transformations, one can readily show that "LLT and
"RRT are both identically zero. Restricting application of Eq. 3:2 to Muon decay
and the unobserved massless neutrinos, one can show that it is not possible to test
lepton number conservation from the available observables. In the following, we
demonstrate our notation by applying it to the SM low-energy, e¤ective Lagrangian.
For SM semileptonic case, it reads
LSSM = 2
p
2GF [(uPLd)](l
PL) + h:c:; (3.3)
where the appropriate coe¢ cient "K" for the SM case can be KLV  = 1: The SM
leptonic CC e¤ective Lagrangian is
LLCCSM = 2
p
2GF [(lPL)](
PLl); (3.4)
where the coe¢ cient """ for the SM case would be "LLV ( 6= ) = 1. The leptonic
NC term
LLNCSM =
p
2GF [lf2 sin2 WPR + (2 sin2 W   1)PL)gl](PL) (3.5)
can be Fierz transformed into an equivalent CC form as
LLNCSM =
p
2GF [l(2 sin
2 W   1)PL)(PLl)  2(l2 sin2 WPL)(PRl)];
(3.6)
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where the appropriate coe¢ cients """ for the SM case are "LLV  = (sin
2 W +
1)=2; "LLV ( 6= ) = (sin2 W   1)=2; "LRS =  2 sin2 W :
3.2 General Framework of the Lepton Flavor Tran-
sitions
In the standard neutrinos oscillation theory, the neutrinos are dealt as massless
particles in the matrix element kinematics. Approximating the plane wave phase
factors for the propagating neutrinos to leading order in the masses, one can factor
out the transition amplitude as
hd(t) js(0)i =
X
a
hd jai e im2at=2E ha jsi
=
X
a
Udae
 im2at=2EUsaMdMs; (3.7)
where s and d designate the source and detector neutrino avors. However, this
factorization is not valid when the dependence ofM on the neutrino masses is taken
into account [77]. We can generalize the SM transition amplitude of Eq. 3:7 to
include new physics for any initial states
Is; d and nal states F s; d ;
hd(t) js(0)iNSI = hd jai e im
2
at=2E ha jsiNSI
= Mdae im
2
at=2EMsa (3.8)
where,
Msa = hF s(a)j LS + LL jIsi (3.9)
and
Mda =


F d
LS + LL Id(a) (3.10)
are the source and detector transition matrix elements involving a mass eigenstate
of a , and the sum over the repeated label a is implicit here. The subscript "NSI"
indicates the new physics e¤ects. The generalized transition probability will therefore
be the modulus squared of the transition amplitude of Eq. 3:8:
An example
Let us apply the general framework described above on an example of our interest to
combinations of neutrino avor transition at source, detector and oscillations while
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propagating. Let us consider a SM process of electron disappearance experiments,
namely, n ! pe e followed by eNi ! eNf ; where Ni; f indicate initial and
nal hadronic states. The transition matrix elements for processes at source and at
detector are, with no summation over a;
Msa = 2
p
2GFK
L
V ee


e e
 (l1PLU1aa)y j0i hpj OV jni (3.11)
and
Mda = 2
p
2GFK
L
V ee hNf j OyV jNii


e 
 l1PLU1aa jei (3.12)
where OV designates the quark current operator dPLu appropriate to the SM in
Eq. 3:11. In the ultra-relativistic limit, the neutrino masses are set equal to zero in
the spinors and only the leading phase dependence on masses is kept. The transition
amplitude squared can then be factorized into the SM product of the matrix elements
squared times oscillation probability as
Mdae im2at=2EMsa2 = (2p2GF )4 (ePLe)(ePL) hpj OV jni  hNf j OyV jNii2

Ueae im2at=2EUea2 (3.13)
where KV ee = 1 in the SM. In a schematic form, we can write the above expression
as Mdae im2at=2EMsa2  e  (eNi ! e+Nf ) Pe!e ; (3.14)
where e designates the e ux, (eNi ! e+Nf ) the SM e nucleon CC cross-
section, and Pe!e=
Ueae im2at=2EUea2 is the probability that an e produced at
source appears as e at the target.
Now let us produce a similar transparent factorization that includes the direct
lepton avor violation at source and detector. For this we consider the transition,
n ! pe ; at source and, Ni ! e+Nf ; at detector. The generalized transition
probability, which is proportional to the electron production at the detector, is given
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by Mdae im2at=2EMsa2
=

e+Nf Ld jNii e im2at=2E 
pe Ls jni2
= (2
p
2GF )
4
lPL hNf j OV jNii2  jhpj OV jni PLpj2

(KLV eUae im2at=2EKLV eUa)2 (3.15)
where we have used the amplitudes dened in Eqs. 3:11 and 3:12, and following
the procedure from Eqs. 3:13 and 3:14. For the above transition probability, we
have adopted the model with a V   A current with KLV e 6= 0; with  = e; ;  but
all other NSI coe¢ cients KhA = 0; has been used for the SM term, and using the
ultra-relativistic limit for the propagating neutrinos.
3.3 The New Physics Parameterization in the Re-
actor Antineutrino Oscillations
As pointed out [29] and developed [30, 33, 31, 32, 34] a number of years ago, the
presence of lepton avor violation at the source and detector of a neutrino beam can
skew the interpretation of neutrino oscillation experiments. For example, the wrong
avor neutrino provided at the source oscillates and can provide a right avor lepton
signal at the detector, confusing a wrong signal "appearance" search, or a wrong
signal at the detector, confusing a right signal "disappearance search". To begin,
let us establish our notation by dening the e¤ective four-fermions, CC semileptonic
Lagrangian appropriate for the reactor neutrino application. We restrict ourselves to
the case of left-handed neutrino helicity currents and vector and axial vector quark
currents and write [31]
Ls = 2
p
2GFK(lPLUaa)[ d
(PL + PR)u]
y + h:c:; (3.16)
where indices ; ; ::: run over avor basis and a; b; c over mass basis labels, and
repeated indices are summed over. A more general form with avor dependent right-
handed coe¢ cients is given in [10]. We simplify to left-handed helicity in the work
here, so our K are equivalent to "udL in [10]. The avor label correspondences
are e = 1;  = 2 and  = 3 and the d and u spinor elds designate down- and up-
type quarks. The coe¢ cients K represent the relative coupling strengths for the
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various lepton avor combinations. For reactor disappearance search applications, a
nuclear decay provides the source of neutrinos and the inverse beta decay reaction
provides the electron signal for the detector. From the form of Eq. 3.16 it is apparent
that the e¤ect of the NSIs, represented by the elements of the dimensionless matrix
K, are captured by the replacement Ua ! KUa in the weak Lagrangian. In
the expression for the oscillation propagation amplitude for antineutrinos of avor
 at the source to produce leptons of avor  at the detector, this amounts to the
replacement
A = Uae
 im2a L2EUa ! KUae im
2
a
L
2EKU

a: (3.17)
Here the neutrino mass eigenvalues are ma, the baseline is L, the propagating neu-
trino energy is E and, in the present study, for simplication we consider the case
with  = 0. The repeated indices are always taken to be summed up. The corre-
sponding expression for the neutrino beam case reads
A = U

ae
 im2a L2EUa ! KUae im
2
a
L
2EKUa: (3.18)
In matrix form, the expressions to the right of the arrows in Eq. 3.17 and Eq. 3.18
can be written compactly as
A = (KU)X(KU)y = K(UXU y)Ky; A = AT ; (3.19)
the avor violating interactions act as a "K transformation" on the standard oscil-
lation probability. In Eq. 3.19, the diagonal matrix X is dened as
X  diag(exp( 2ix1); exp( 2ix2); exp( 2ix3)) (3.20)
and 2xa  m2aL=2E. When X = 1, the unit matrix, then A = KKy 6= 1 in general.
But in case of e ! e; we use the approximation (KKy)ee = 1.
3.3.1 NSI E¤ects on Reactor e Disappearance Probability
Formulas
To focus on avor changing NSIs, we develop our case with the avor changing
coe¢ cients Ke and Ke . Because the freedom to redene the phases of coe¢ -
cients is already exhausted by redening fermion elds in the standard mixing ma-
trix denition, the elements of the matrix K are complex in general, and we write
Ke = jKejexp(ie) and Ke = jKe jexp(ie ). By taking Kee = 1; our electron
antineutrino propagation amplitude can be written as
Aee = (Uea+jKejeieUa+jKe jeieUa)e 2ixa(Uea+jKeje ieUa+jKe je ieUa):
(3.21)
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The oscillation probability factor, P = A A can now be computed straightforwardly.
We will display only the leading order terms in Ks in our explicit formulas below,
since the avor violating coe¢ cients are constrained by experimental searches to be
of order 0:05 or less [10]. The results we quote are valid to accuracies better than
experimental uncertainties so long as no special choices between the standard mixing,
CP violating phase  and the NSI phases reduce the linear terms to values much less
than the absolute magnitudes of the NSI parameters. Since only the real part of the
parameter Kee contributes to the disappearance probability, and its value is bounded
to be more than an order of magnitude smaller than the avor violating parameters
Ke and Ke [10], we do not include it in the rst order formulas. Strictly speaking,
the terms in Pe!e should be normalized, but the normalization a¤ects only higher
order terms in the K parameters. In any case, the normalization is absorbed into
a redenition of the e¤ective Fermi constant, whose experimental constraints via
universality show up in the model independent bounds on the NSI parameters [10]
we use here.
Sketching the organization of the e disappearance propagation probability with
NSI at source and detector, we write the generic form of the modulus of the propa-
gation amplitude as
j Aeej = jA11 + A21e 2ix21 + A31e 2ix31j; (3.22)
where xij = xi xj = m2ijL=4E, with m2ij = m2i  m2j . In Eq. 3.22, the quantities
Aij are all real. Judiciously using double angle formulas for cosines and sines and
the fact that A11 + A21 + A31 = 1 in our case, one nds the expression
j Aeej2 = Pee = 1  (P21 sin2 x21 + P31 sin2 x31 + P32 sin2 x32): (3.23)
In Eq. 3.23 we dene P21 = 4A11A21; P31 = 4A11A31 and P32 = 4A21A31. Using
m232 = m
2
31  m221, we rewrite Eq. 3.23 in a form that is more transparent for
discussing the MH question [22], which reads
Pee = 1  [(P21 + cos(2x31)P32) sin2 x21 + (P31 + P32) sin2 x31  
1
2
P32 sin(2x21) sin(2x31)]; (3.24)
where the last term is sensitive to the sign of x31 and potentially provides a handle
on the MH. The sign and value of x21 have been determined by solar neutrino exper-
iments. To the approximation we are working in the NSI formalism, Eqs. 3.21 and
3.22 lead to the identications
A11 = c
2
13c
2
12   c13 sin(212)c23K    c212 sin(213)c23K+; (3.25)
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A21 = c
2
13s
2
12 + c13 sin(212)c23K    s212 sin(213)c23K+; (3.26)
A31 = s
2
13 + sin(213)c23K+; (3.27)
with the conventions for the standard mixing model (SMM) parameters c12  cos(12)
etc. as dened in [35]. It is evident from Eqs. 3.25 and 3.27 that there are e¤ectively
two NSI parameters in the problem, which we have dened in terms of Ke, Ke and
mixing parameters and , the standard mixing CP violating phase, as
c23K+  jKej cos( + e)s23 + jKe j cos( + e )c23; (3.28)
c23K   jKej cosec23   jKe j coses23: (3.29)
We will write expressions in terms of these two parameters from now onward, factor-
ing out c23 for convenience. This makes explicit the reduction of the overall strength
of the NSIs term by a factor c23 ' s23 ' 1=p2. The coe¢ cients that appear in
Eqs. 3.23 and 3.24, namely P21; P31 and P32, are then given at rst order in the K
parameters by the expressions
P21 = sin
2(212)c
4
13 + 4c
3
13 sin(212) cos(212)c23K    4c313s13 sin2(212)c23K+; (3.30)
P31 = sin
2(213)c
2
12   4s213c13 sin(212)c23K  + 4c212 cos(213) sin(213)c23K+; (3.31)
and
P32 = sin
2(213)s
2
12 + 4s
2
13c13 sin(212)c23K  + 4s
2
12 cos(213) sin(213)c23K+: (3.32)
Taking the parameters Ke and Ke one at a time, commonly done in setting NSI
bounds, costs little generality. K+ and K  are still independent of each other,
because K+ depends on the real part of Ke, the imaginary part of Ke and the
standard mixing phase , whileK  depends only on the real part ofKe, and similarly
for Ke . The only loss is the possibility of enhancements or cancellations that could
allow a larger range of possible values than the quoted one-at-a-time bounds in the
literature [10].
3.4 The New Physics Parameterization in the Re-
actor Antineutrino-Electron Scatterings
3.4.1 The NSI E¤ective Lagrangians at Source and Detector
The very-short-baseline reactor antineutrino scattering experiments are those whose
baselines are only a few tens of meters and energy ranges between (0-9) MeV. For
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experiments, the source of antineutrinos is the semileptonic, CC decays of reactor
nuclei. At quark level of the content of the nucleons, the transition d ! u + e + 
provides the antineutrinos for the elastic    e scattering process at the detector.
To allow for lepton avor violating decays at the source, we adopt from Eq. 3:1 the
semileptonic, CC, e¤ective Lagrangian [30, 31, 32, 54],
Ls =  2
p
2GF ( +K)(lPLUaa)(
dPLu)
y + h:c:; (3.33)
where repeated avor-basis indices "" and "" and mass-basis indices "a" are
summed over. We conne ourselves to the left-handed quark helicity projection
case for simplicity. The inclusion of the right-handed terms adds nothing essential to
our discussion. Since we consider the neutrino-propagation baselines are only a few
tens of meters and the energies are in the MeV range, therefore oscillations play no
role and we can e¤ectively replace Uaa !  in making the rate calculations we
present here. The complex coe¢ cients K represent the relative coupling strengths
of the avor combinations in the presence of new physics, while in the SM, K = 0:
To represent the NSI e¤ects in the purely leptonic sector [30, 31, 32, 33, 34] for
the simplied elastic    e scattering case of interest, we adopt from Eq. 3:1 and
write the e¤ective Lagrangian as
L` = L`NU + L`FC
=  2
p
2GF
X

(e  (egRPR + (egL + 1)PL)e) (PL)
 2
p
2GF
X
 6=
"eP(ePe)(
PL): (3.34)
The rst term in Eq. 3:32 is the NU case and the second term is the FC case. The
coe¢ cients egR and egL are
egR = sin2 w + "eR and egL = sin2 w   12 + "eL: (3.35)
Hermiticity of L` requires that the NSIs matrix of parameters be Hermitian: "eR;L =
("eR;L )
, so the FC NSI parameters are complex in general. Adopting the commonly
used """ notation for the leptonic sector makes the distinction between source (Ks)
and detector ("s) clear. With the e¤ective Lagrangians dened, we are now ready
to summarize the cross sections and ux factors we need for the study of the NSI
e¤ects at source and detector.
36
3.4.2 e   e;    e and    e Di¤erential Scattering Cross
Sections in Lab Frame
In the notation for the NSI terms dened in Eq. 3:32 above, the di¤erential cross
section for the e   e scattering with neutrino lab energy E and recoil electron
kinetic energy T can be summarized by the expression

d(ee)
dT

SM+NSIs
=
2G2Fme

[eg2eR + 
 6=e
j"eRe j2
+

(egeL + 1)2 + 
 6=e
j"eLej2

1  T
E
2
 
egeR(egeL + 1) + 
 6=e
<[("eRe )"eLe]

meT
E2
]; (3.36)
which is the sum of the scattering cross sections for the three, incoherent processes
e + e ! e ! e; e + e !  + e and e + e !  + e. The e + e ! e + e
cross section is represented by the terms containing the egeL and egeR parameters. It
is the coherent sum of the NC and CC contributions. The complex parameters "eLe,
 6= e can be written either as "eLe = <["eLe] + i=["eLe] or as j"eLejexp(ieLe), where
eLe is the phase angle of the complex quantity. Written out in more detail, the NSI
contributions are j"eRe j2 = (<["eRe ])2 + (=["eRe ])2, and similarly for R ! L. In the
last term, <[("eRe )"eLe] = <["eRe ]<["eLe] + =["eRe ]=["eLe]. This notation makes it clear
that when the " parameters are taken as real positive or negative, then the "<"
and "=" notation can be dropped and one can drop the absolute magnitude signs
everywhere. All of the NSI studies with   e scattering at the detector tacitly make
this assumption [52, 64, 65, 66, 67, 69]. If the parameters are written as j"eLejexp(ieLe)
and j"eRe jexp(ieRe ), then the coe¢ cient in the last term can be expressed as
<[("eRe )"eLe] = j"eRe jj"eLej cos(eLe   eRe ): (3.37)
With this parameterization, the values of j"eRe j and j"eLej are always positive and the
sign of the term is controlled by cos(eLe   eRe ).
To include the NSIs at the reactor source, using the notation from [54], one
multiplies the contribution to the rate by j1+Keej2. Though Ref. [54] works only to
rst order in NSI parameters and drops the highly constrained linear term 2<[Kee]
[50], in the present calculation we must work to second order to assess the impact of
the NSIs, so both =[Kee] and <[Kee] will be included in the NU case e+ e! e+ e.
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For the other incoming neutrino avors, we multiply the   e cross section by
the factor jKej2 for the  component of the ux and by jKe j2 for the  component.
The   e di¤erential cross section is

d(e)
dT

SM+NSIs
=
2G2Fme

[eg2R + 
 6=
j"eRj2
+
eg2L + 
 6=
j"eLj2

1  T
E
2
 
egR egL + 
 6=
<[("eR)"eL]

meT
E2
]: (3.38)
The cross section for   e scattering is obtained by replacing  by  everywhere
in the above equation. The denitions of egR;L and egR;L are obvious counterparts
to the denition of egeR;eL in Eq. 3.35.
3.4.3 Combinations of NSIs at Source and Detector in the
Reactor very-Short-baseline Scattering Experiments
The distance between the source and detector in the very-short-baseline scattering
experiments is a few tens of meters; for instance, in case of TEXONO experiment
it is 30 meters. We will use the fact that the oscillation e¤ects at this distance,
proportional to sin2(m2i   m2j)L=4E , are ignorable for the given energy range of
interest, 3 MeV E  8 MeV. In e¤ect, this means that the avor of neutrinos
produced at source is the same as the avor that reaches the detector. The factors
that control the ux of each avor in the incoming beam produced at the source
are K. The resultant ux model is the result of a large number of independent
nuclear reactions. In the presence of NSIs, the emitted ux can be thought of as an
incoherent sum of e;  and  with weights j1+Keej2; jKej2 and jKe j2. The source
and detector NSI e¤ects on the rate are then expressed through the following factor,
denoted by F , that will multiply the reactor ux and the target electron number
density to get the di¤erential rate dRX
dT
, as we will discuss in chapter 5,
F = j1 +Keej2

d( ee)
dT

+ jKej2

d(e)
dT

+ jKe j2

d(e)
dT

; (3.39)
where the cross section formulas are given in Eqs. 2:35 and 2:36 and the SM plus
NSIs designation is understood.
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Chapter 4
The New Physics in the Reactor
Short- and Medium-Baseline
Antineutrino Oscillation
Experiments
In this chapter, we investigate the impact of NSIs on the interpretation of reactor
electron-antineutrino disappearance experiments with short- and medium-baseline
designs. We nd the constraints from the recent results of the short-baseline exper-
iments and use them to generalize the current estimates of medium-baseline event
rates to include CC interactions at source and detector with the standard Lorentz
structure but with non-standard avor structure. We conrm that the average spec-
trum of observed event rates at a baseline of 50 km, which is the middle of the
currently favored region of (30   60) km, provides a robust probe of new physics.
We nd that an order of magnitude improvement in sensitivity to NSIs is possible.
We point out a potentially serious ambiguity in interpretation of medium-baseline
data in the presence of new physics. We show that NSIs can possibly enhance or
suppress the sensitivity of the experiments to the mass hierarchy (MH), depending
on the phases of the NSI parameters and the CP violating phase in the standard
three-neutrino mixing picture.
To achieve goals as described above, we have developed the necessary formalism
and notation in section 3:3, whose important formulas we recap in the following
section. Using our formalism with the new physics model we turn in the next to
the following section to short- and medium-baseline applications for the study of its
energy spectra. We follow with a survey of our results on statistical sensitivity of
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features of the spectra to NSIs and then summarize and conclude.
4.1 Analytical Expressions for the New Physics
Study
Here we recap the important formulas from our calculations in chapter 3 of the sur-
vival probability in the reactor short-baseline disappearance oscillation experiments
in the presence of NSIs as
Pee = 1  [(P21 + cos(2x31)P32) sin2 x21 + (P31 + P32) sin2 x31
 1
2
P32 sin(2x21) sin(2x31)]; (4.1)
where
P21 = sin
2(212)c
4
13 + 4c
3
13 sin(212) cos(212)c23K    4c313s13 sin2(212)c23K+; (4.2)
P31 = sin
2(213)c
2
12   4s213c13 sin(212)c23K  + 4c212 cos(213) sin(213)c23K+; (4.3)
P32 = sin
2(213)s
2
12 + 4s
2
13c13 sin(212)c23K  + 4s
2
12 cos(213) sin(213)c23K+: (4.4)
and
c23K+  jKej cos( + e)s23 + jKe j cos( + e )c23; (4.5)
c23K   jKej cosec23   jKe j coses23: (4.6)
We will use these expressions rst for the new physics study in the reactor short-
baseline neutrino oscillation experiments and then we turn to the modeled medium-
baseline reactor neutrino oscillation experiments.
4.2 Combining the New Physics E¤ects in the Short-
and Medium-Baseline Experiments
4.2.1 The Short-Baseline Reactor Neutrino Determination
of (P31 + P32)
In case of short-baseline Double Chooz, Daya Bay and RENO experiments, because
only the term proportional to sin2(x31) in the nal form of Eq. 4.1 dominates the
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contributions to the short-baseline experiments, therefore, to an excellent approxima-
tion in much small corrections than the experimental errors from x21, the transition
probability including the NSI e¤ects reads
Pee = 1  sin2(x31)(P31 + P32)
= 1  sin2(x31)[sin2(213) + 4 cos(213) sin(213)c23K+]; (4.7)
where the angles 13 and 23 are the parameterization angles in the commonly used
form of the neutrino mixing matrix as given in Eq. 2.67, and K+ is dened in
Eq. 4.5. Only the leading order terms in Ks are kept in Eq. 4.7, since the FC
coe¢ cients are constrained by experimental searches to be of order 0:05 or less [10].
The t to data by the Double Chooz, Daya Bay and RENO experiments exactly
measure the value of the coe¢ cient of sin2(x31), which in the standard neutrino
mixing picture is simply sin2(213). But when the NSIs are included, the measured
coe¢ cient of sin2(213) determines the whole expression inside the brackets in Eq.
4.7. For instance, using the Daya Bay value of sin2(213)eff = 0:089 0:011 [4], we
have
sin2(213)eff  sin2(213) + 4 cos(213) sin(213)c23K+
= 0:089 0:011 (4.8)
in our linear approximation. This result is essentially the same as that of Eq. 28
of Ref. [7] for the case of same physics at source and detector, and as a linear
approximation to Eqs. 17 and 18 of Ref. [8] or Eqs. 3:1 and 3:2 of Ref. [9]. A
comparison between our Fig. 4.1 and the right-hand side of Fig. 1 of Ref. [8] can be
made approximately by xing ~13 at 8:5 degrees, which corresponds to sin2(13)eff =
0:089, and comparing the range of 13 values for j"j = 0:01 to that corresponding
to di¤erence between its value at K+ =  0:01 and +0:01 in our Fig. 4.1, which
is between about 8 degrees and 9 degrees. There is agreement between the two
gures, as far as we can tell from Fig. 1 of Ref. [8]. We show in Fig. 4.1 the curve,
with the corresponding upper and lower 90% C.L: uncertainties, of values in the
(K+; sin
2(213) plane that satisfy the constraint in the interval  0:04 < K+ < 0:04.
Not all of the parameter ranges quoted in Ref. [10] are covered in this interval if
one allows for maximal constructive coherence among the parameters, stretching the
interval to approximately  0:1 < K+ < 0:1, but it is safely within the region where
a linear NSIs approximation is reliable.
For this application the e¤ective NSIs factor is K+ = jKej cos(e + ) +
jKe j cos(e + ), where we have assumed maximal mixing in the "23" sector .
Unless specied otherwise, we will assume maximal 2   3 mixing. As is known [9],
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Figure 4.1: The Daya Bay result for sin2(213)eff and its 1 uncertainties [4] are
used to constrain the ranges of the parameters sin2(213) and the NSI parameter K+
in Eq. (4.7).
with the same NSIs at source and detector, as in our treatment, the NSIs produce an
overall shift in the coe¢ cient of the dominant sin2(x31) oscillation factor in Pee. This
establishes a strong correlation between the value of sin2(213) and the value of the
NSIs parameter K+, a point that will be iterated again in our further study of the
sensitivity of medium-baseline oscillations to the hierarchy question. To resolve K+
to nd evidence for NSIs requires a combined analysis with an independent precision
measurement of sin2(213), involving di¤erent physics from the physics of reactor
e disappearance. As remarked in Ref. [8], this role is played by the accelerator
neutrino appearance experiments, a role which can be lled by the ongoing T2K [47]
and MINOS [5] experiments, upcoming experiments such as NOvA [36] and future
experiments at a neutrino factory [37].
4.2.2 Short-Baseline NSI Constraints and Medium-Baseline
Determination of P21 and P32
As the length of the baseline L increases in the oscillation factor arguments x21 and
x31, the rst and third terms in brackets in Eq. 4.1 starts playing the primary role
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in determining the fraction of surviving e avor at distance L from the source. The
P21 coe¢ cient in the rst term controls the slow oscillations with energy at xed
baseline, while P32 coe¢ cient in the third term controls the fast oscillations. In the
following, we rst take a look at the overall spectral behavior and then turn to a
quick survey of the rapid oscillations that contain the information about the MH.
A. NSIs e¤ects on the modeled medium-baseline reactor neutrino exper-
iments
Here we follow the recent investigations of the prospects for MH determination within
standard neutrino mixing model. The most favored baselines of medium-baseline
experiments are in the neighborhood of (30   60) km [16, 21, 22]. We adopt the
general approach of Ref. [22], the neutrino ux model of Ref. [38], the cross section
of Ref. [39]. The observed neutrino energy distribution for an experiment with a
20 giga watt (GW) thermal power, a detector of 5 kilotons ducial volume and 12%
weight fraction of free protons with total number of free protons Np and 5 years of
exposure time T , can be written as
dN
dE
(E) =
NpT
4L2
Z Emax
Eth
dE
dN
dE
Pee(L;E;K+; K )IBD(E)G(E   E); (4.9)
where Eth = mn mp+me, the threshold energy, dNdE is the rate of neutrino emission
from the reactor per MeV, Pee is dened in Eqs. 4.1, 4.2, 4.3 and 4.4, IBD is the
total cross section for inverse beta decay, and G(E   E) is the Gaussian smearing
function that takes into account the response of the detector to the deposited energy,
G(E   E 0; E(a; b)) = 1p
2E(a; b)
exp

  (E   E
0)2
2(E(a; b))2

: (4.10)
The uncertainty E(a; b) in the energy E is parameterized in terms of a statistical
parameter a and a systematic parameter b as
E(a; b) = E

a2
E
+ b2
1=2
; (4.11)
where energy is in MeV and the rst term under the square root represents the sta-
tistical uncertainty in the energy deposited in the detector and the second represents
the systematic energy scale uncertainty.
We display the values and their uncertainties for the relevant input parameters
in Table 4.1. Using those input parameters values, computing the energy spectrum
43
sin2(212) 0:857 0:024 [27, 35]
sin2(213) 0:089 0:011 [2]
m221 (7:50 0:20)10 5 [35]
m231 (2:32 0:10)10 3 [35]
Table 4.1: Values of relevant input parameters used in the numerical work to illustrate
the ideas and make estimates.
expected in the model described above, we show the results at a baseline of 50 km
with perfect detector response in Fig. 4.2.
In Fig. 4.2, the left plot shows variation of the spectrum with central values of all
input parameters and di¤erent NSI parameter choices. NH curves are shown in blue,
IH in red. When x21 =  =2 at E  3 GeV, the maximum and zero in the factors
sin2(x21) and sin(2x21), respectively, is evident in the gure. The right plot shows
the variation of the spectrum with no NSIs and, from top to bottom, sin2(212) at its
central value minus 1, its central value and its central value plus 1. The middle
curves on the left and right are the same, of course, and are included for reference.
Varying the value of sin2(213)eff within its 1 range has hardly noticeable e¤ect on
the spectral curves - of the order of the widths of the lines in the gure. As we discuss
in the following subsection, the ordering is expected, since the survival probability
is smallest and the rates of detection are smallest when the oscillation term, which
represents transitions into other avors, is largest within a given range of parameter
space. The parameter choice that makes the MH-sensitive term, P32, largest also
makes the overall oscillation term in Eq. 4.7 take its largest value and makes the
survival rate the smallest. For illustration, we have chosen NSI magnitudes that are
about as large as allowed by the current experimental constraints on NSI parameters
when taken one at a time.
In Fig. 4.3, we demonstrate the same cases but with energy uncertainty fractions
a = 6% and b = 0. Within this range of NSI possibilities, it is clear that the
e¤ects on the spectrum can be large and mimic those of the uncertainty in the value
of sin2(212). If the value of sin2(212) could be determined with high precision
from solar neutrino data, for example, then a combined analysis with the medium-
baseline spectrum could disentangle the input uncertainties and the NSIs and provide
a sensitive probe of the NSI parameter K . In section 4.3, we show in another way
that within the current uncertainties in sin2(212), there is a degeneracy between K 
and sin2(212) in interpreting medium-baseline data, as one can see in the expression
for P21 in Eq. 4.2, the dominant coe¢ cient of sin2 x21. Changes in the value of
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Figure 4.2: The predicted event rates with a 50 km baseline for the medium baseline
set up described in the text with perfect detector energy response, a = b = 0. E is in
MeV and dN/dE is in inverse MeV. The left plot shows variation of the spectrum
with central values of all input parameters and di¤erent NSI choices. From top to
bottom: K+ =  0:04 = K , where P32 is minimal, K+ = 0 = K , no NSIs, and
K+ =   0:04 and K  = + 0:04, where P32 is maximal. NH curves are shown in
blue, IH in red. The right plot shows the variation of the spectrum with no NSIs and
sin2(212) ranging within its 1 uncertainty. The middle curves on the left and right
are the same.
sin2(212) can be compensated by changes in K , for instance. In terms of Figs. 4.2
and 4.3, one nds that the left and right plots are essentially identical if one chooses
jK+j = jK j = 0:024 and the central value of sin2(212) for the left plot. We will
return to this issue in section 4.3.
In Fig. 4.4, we display the envelopes of all the spectra possible within the para-
meter ranges for jK+j, jK j and sin2(212). It is clear that there is a wide range of
possible spectra beyond that expected from the uncertainty in the input values of
the mixing angles when the NSI e¤ects are included.
The di¤erences in the overall rates are much larger in Figs. 4.2 and 4.3 than
the purely statistical uctuations in counting estimated by the square root of the
event numbers, even with the energy smearing uncertainty in the detector. This
fact is behind the expectation of highly improved precision in determination of the
coe¢ cient of sin2 x21 [22], P21, sin2(212) in the SMM. The primary e¤ect of the
smearing is to reduce the distinction between NH and IH expected spectra, as studied
in Ref. [22]. We show this in a di¤erent and more direct way in Fig. 4.5.
Taking the di¤erence between the NH rate prediction and the IH prediction gives
a clearer picture of the distinction between the two possibilities. In Fig. 4.5, the left
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Figure 4.3: The predicted rates of events with a 50 km baseline for the medium
baseline set up described in the text with a = 6% and b = 0 uncertainties in the
detector energy response. E is in MeV and dN=dE is in inverse MeV. The left
plot shows variation of the spectrum with central values of all input parameters and
di¤erent NSI choices : top to bottom are K+ = K  = -0.04, K+ = K  = 0,
K+ =  0:04 and K  = +0:04. NH curves are shown in blue, IH in red. The right
plot shows the variation of the spectrum with no NSIs and sin2(212) ranging within
its 1 uncertainty. The middle curves on the left and right are the same.
panel shows the di¤erence between the NH and IH predictions as a function of energy
with a baseline of 50 km when the energy resolution at the detector is perfect. For
this ideal situation, the distinction between the NH and IH predictions is clear in the
maximal and no NSI cases but marginal in the minimal case. When the uncertainty
in the energy resolution is 6% and the energy scale error is 0%, the distinctions are
marginal at best in the maximal case and insu¢ cient in the other cases. In Ref.
[22], this case was made in detail for the SMM, where the authors concluded that a
resolution of better than 3% would be necessary at the optimal baseline to resolve
the hierarchy in a reasonable time. In the right panel of Fig. 4.5, we show the plot
of the di¤erence between NH and IH rates as a function of energy at 50 km baseline
with a 6% statistical energy resolution uncertainty and no systematic uncertainty as
modeled by the Gaussian smearing function. As demonstrated in the gure, the NSIs
can cause a shift of up to 12% in the sensitivity of the spectrum to the MH. With no
NSIs, but allowing for a 1 variation in the value of sin2(213), the results look nearly
the same as shown in Fig. 4.5, reecting the 12% uncertainty in sin2(213)eff . When
the anticipated 4% goal for the uncertainty in sin2(213)eff is reached, the sensitivity
to NSI e¤ects will be correspondingly enhanced by a factor 3. The uncertainty in
sin2(212) allows a shift of about 3%.
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Figure 4.4: Allowing our full range values for the NSI parameters jK + j and jK j
and the mixing angle 12, we nd the outer envelope of spectral curves indicated in
the gure. The envelope of curves expected just from the 1 variation of 12 is shown
inside the full envelope. E is in MeV and dN/dE is in inverse MeV.
B. The inuence of the NSI parameters K+ and K  on the factors P21 and
P32 in the disappearance probability
The coe¢ cient that controls the scale of long oscillation length behavior of the
disappearance probability is P21, which has the signature feature that it is inde-
pendent of the NSI parameter K+ to a high degree of accuracy. Over the range
 0:04  K+  0:04, the change in P21 for any choice of K  in the same range is at
most 0:1%, typically 100 times smaller than the change due to K  over this range.
To see how this happens, it is helpful to use Eq. 4.8 to eliminate K+ in terms of 13
and 23 and rewrite Eq. 4.2 in the form,
P21 = sin
2(212)c
4
13

1  4 tan 13 (sin
2(213)eff   sin2(213))
sin(213) cos(213)

+4c313 sin(212) cos(212)c23K : (4.12)
The factor c413 multiplying sin
2(212) in the rst term increases monotonically as
sin2(213) decreases from its maximum value to its minimum value, while the factor
in the large parentheses decreases monotonically. The two e¤ects compensate each
other to high accuracy. The whole rst term is of order 1. The coe¢ cient of K  in
the second term increases monotonically by 2% over the same range. The magnitude
of the coe¢ cient is close to 1, so the size of the second term relative to the rst is
determined by K , which ranges between  0:04 and +0:04. The net e¤ect is that
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Figure 4.5: The predicted di¤erence between rates of NH and IH events as a function
of energy with a 50 km baseline for the medium baseline set up described in the text.
E is in MeV and dN=dE is in inverse MeV. The left panel shows the result with
no uncertainty in the detector energy resolution and energy scale and the right panel
shows the result with 6% uncertainty in the detector energy resolution. From top to
bottom: K+ =  0:04 and K  = +0:04, where P32 is maximal, K+ = 0 = K , no
NSIs, and K+ =  0:04 = K , where P32 is minimal. Input parameters are set at
their central values. Note the di¤erence in scale between the two plots.
P21 varies by at most 0:1% with  0:04 < K+ < +0:04 for any chosen values of K 
and the input values of mixing angles within their uncertainties.
The dependence of the MH-sensitive coe¢ cient P32 on the NSI parameters can be
substantial. In the extreme case of very large NSI parameter values, the overall sign
of P32 can change and reverse the expected pattern of NH vs. IH oscillations. Within
the constrained range of parameters, roughly where jKj  0:05, there is no point
where it becomes zero or negative, so the NSIs cannot reverse the expected signs of
NH and IH. At the point ( 0:1; 0:2); more than 4 standard deviations outside the
constrained range for the NSI parameters and outside of the linear region, P32 = 0,
and it becomes negative for values of K  <  0:2 with K+   0:1. The value of
P32 largely controls the possibility of determining the sign of the last term in Eq.
3.24 and, therefore, whether m3 > m1 (NH) or m1 > m3 (IH). The e¤ects of new
avor violating interactions on P32 increase as K+ decreases, which corresponds to
increasing values of sin2(213), is shown in Fig. 4.1. The smallest values of P32 occur
at the smallest values of K+ andK . For example, at ( 0:05; 0:05); 12P32 = 0:0115,
while at ( 0:05;+0:05); 1
2
P32 = 0:0165. To understand the dependence of P32 on the
(K+; K ) parameters, again it is helpful to use the denition of sin2(213)eff in Eq.
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4.8 to rewrite P32 in an equivalent form as
P32 = s
2
12 sin
2(213)eff + 4s
2
13c13 sin(212)c23K ; (4.13)
in which P32 has no explicit dependence on K+. Through the constraint Eq. 4.8,
P32 has implicit dependence on K+ via the factor s213c13 in the coe¢ cient of K . For
xed K+, the value of P32 is linearly dependent on K  with a positive coe¢ cient.
Because of the constraint imposed by Eq. 4.8, sin2(213) decreases as K+ increases,
which decreases the coe¢ cient of K , and conversely when K+ decreases. In short,
P32 increases as K+ grows when K  < 0 and decreases as K+ grows when K  > 0,
though the dependence is weak compared to the dependence on K .
The upshot is that our parameterization in terms of K  and K+ has the good
feature that we can choose to write the coe¢ cients P21 and P32 with onlyK  involved
explicitly in the NSI e¤ects on overall spectrum shape and, as we argue below, in
the sensitivity, or not, of the MH to NSIs. The parameter K+ plays an indirect role
through its relationship with the measured sin2(213)eff and the mixing angle 13,
Eq. 4.8. The weak dependence on sin2(213) is transparent and makes the minor
role of K+ easier to understand.
A general feature of P32, the contrast coe¢ cient between the NH and IH rate
values, is that for all positive values of K  the di¤erences between NH and IH
rates are larger than those for standard mixing and the overall rates are smaller,
while the opposite is true for all negative values of K . When K  = 0, there is a
degeneracy that is almost complete; given an input value of sin2(223)eff , Eq. 4.8,
PNSIs32 = P
SMM
32 and P
NSIs
31 = P
SMM
31 , and P
NSIs
21   P SMM21  1 for all values of K+
within current experimental bounds. Only for values of K  6= 0 can the presence of
NSIs be detected with any condence. How large must K  be for its detection to be
possible? We address this question in the following section.
4.3 Statistical Sensitivity of the Spectrum to the
New Physics Parameters
The discussion in section 4.2.2 B laid out the main features of the inuence of
NSI parameters on P21 and P32, where the rst controls the long oscillation length
behavior of the spectrum and the second controls the contrast between the NH and IH
short oscillation length behaviors of the spectrum. The examples shown in Figs. 4.2
through 4.5 are chosen with values of the NSI parameters suggested by the individual
parameter bounds [10] in order to make the e¤ects visually clear. In this section, we
make the pictures more quantitative by using simple 2  estimates of the deviation
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from the SMM when NSI e¤ects are included, while illustrating the interplay with
the input parameter uncertainties by letting key inputs range over their one standard
deviation values.
4.3.1 Fitting SMM"Data" with NSIs Fit Function and sin2(212)
"Pull"
As an estimator, we adopt the SMM values for the spectrum as data and the square
root of the number of predicted events as the statistical uncertainty. Using the same
points spaced at intervals of 0:01 MeV from which Figs. 4.2 through 4.5 were made,
but with the smearing parameters chosen as a = 3% and b = 0, we compute
2 = i
 
dN
dE
NSIs   dN
dE
SMM
p dN
dE
SMM
!2
i
(E)i: (4.14)
Input parameters are xed at central values for dN
SMM
dE
, while one or more are allowed
to vary over their 1 ranges for dN
NSIs
dE
. Because 2 = 0, its minimum, when NSI
parameters are zero and the input parameters are at their central value, the value
of 2  2   2min is the same as 2, up to a pull penalty term that contributes to
the 2 value for each input parameter that is varied away from its central value.
Since the spectrum shape at a given medium-baseline value is controlled bym221,
and sin2(212) determines the scale of the oscillations, we do a statistical analysis al-
lowing the latter to vary away from its central value of


sin2(212)

= 0:857 in the
NSIs t function, while the SMM data has its input parameters xed at their central
values. There is an implicit, additive pull term (( sin2(212) 


sin2(212)

)=12)
2
in Eq. 4.14. In practice, we search for a minimum in 2 with K  and K+ for a
range of values of sin2(212), chosen simply for illustration to be within its quoted
1 uncertainty range, 12 = 0:024. Graphically, we show the example of the re-
sults when K+ = 0 and sin2(212) = 0:857 in Fig. 4.6 and the example when
sin2(212) =


sin2(212)

+ 12 = 0:881 in Fig. 4.7. The landscapes of 2 values
in the (K+; K ) plane are all similar to that shown in Fig. 4.8 for the case where
sin2(212) = 0:857, with a near degeneracy in K+ along xed K  values. Again,
since P21 is independent of K+ to an excellent approximation, the dependence of
2, Eq. 4.14 on the value of K+ is negligible and the results are insensitive to the
choice of energy uncertainty parameters. In Fig. 4.6, overlaid is the plot of 2 vs.
 sin2(212), the deviation from the central value, with K+ = K  = 0. The two plots
are degenerate to a fraction of a percent.
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Figure 4.6: For K+ and K  ranging between -0.01 and +0.01, we show the bound-
aries of the 90% C.L., the 99%C.L. and the 99.99%C.L. projected on a constant
K+ plane. The high degree of degeneracy along the lines of xed K , see Fig. 4.8,
shows that 2 is independent of K+ to high accuracy, and the problem reduces to
1 parameter. The energy smearing and systematic parameters chosen for the plots
are a = 0:03 and b = 0; respectively, but the changes in the plot are negligible when
any values a  0:06 and b  0:01 are used.
Modulo the 2 = 1 penalty, Fig. 4.7 shows that the t is essentially degenerate
with the t with 2 = 0 at sin2(212) = 0:857 and with values of K  consistent
with current bounds on NSIs and sin2(212) at the upper end of its current 1 range.
As one explores other values of sin2(212), the minimum of 2 moves to the left for
larger values, or to the right and on into positive values of K  for smaller values
of sin2(212). This feature is a result of the interplay between the two terms in
Eq. 4.12, where increases in sin2(212) must be compensated by decreases in K 
to keep the minimum 2 at zero. Table 4.2 gives the location in the K  variable
and values of the corresponding minimum of 2 for selected values of sin2(212)
in the range 0:857  0:024. Parameter values are K+ = 0; a = 0:03 and b = 0,
and sin2(213)eff = 0:089, but ts have very little sensitivity to these choices. The
penalty term added to values 2 gives the weight against values of sin2(212) away
from the central value. This weighting breaks the degeneracy between the variables
sin2(212) and K . It guarantees that values of K  hiding behind sin2(212) become
less and less likely as deviations from the central value grow. The size of values of
K  are thereby limited in the same measure as the digressions of sin2(212) away
from its central input value.
This exercise shows that a confusion e¤ect arises in the analysis of medium-
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Figure 4.7: The various C:L: limits for a t to SMM with NSIs and sin2(212) =
0:881. The other input parameters are set at their current central values and the
energy uncertainty parameters are a = 0:03 and b = 0; while K+ = 0 for the plot.
The results are not sensitive to these choices. For clarity of display, the additive
2 = 1 penalty is not included in the plot.
Figure 4.8: For K+ and K  ranging between  0:01 and +0:01 and the special case
where all input parameters are set to their central values for dN
NSI
dE
, we show the
values of 2 as computed in Eq. (4.14). The degeneracy along the line K  = 0 is
obvious.
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sin2(212) 0.881 0.873 0.865 0.857 0.849 0.841 0.833
K jmin -0.0259 -0.0168 -0.0082 0.0 0.0078 0.0153 0.0225
2min 2 10
 4 3 10 5 5 10 5 0.0 2 10 5 2 10 5 8 10 5
"penalty" 1.0 0.44 0.11 0.0 0.11 0.44 1.0
Table 4.2: At selected values of sin2(212) within its 1 range, we list the values
of the variable K  at the minimum 2, with its value, for the test of the NSI NH
t to SMM "data" with central values for all its input parameters. The bottom row
lists the value of the additive "penalty" term ((sin2(212) 0:857)=0:024)2 understood
in the 2 denition, Eq. (4.14). Energy detection statistical and systematic error
parameters are chosen at a = 0:03 and b = 0.
baseline experiments. A perfectly good t to data by the SMM with preferred input
parameters can be mimicked by a NSIs tting model with a choice of sin2(212) that
is di¤erent from the SMM data choice, making the procedure of constraining in-
put parameters by using the reactor neutrino data alone seriously model dependent.
However, the smaller the uncertainties in the input parameter sin2(212) that are de-
termined from other, independent experiments with di¤erent physics at the detector
and combined with the medium-baseline reactor analysis, the smaller the allowed
range of values of NSI parameters from zero. The combined data becomes more
sensitive to the presence of NSIs. In the example above, values of jK j  0:026 are
ruled out at 1. With the conventional one degree of freedom connection between
condence level and 2, jK j  0:04 is ruled out at 90% C.L., which is essentially the
same as the currently available bounds. Improvements in uncertainty in sin2(212)
in future experiments like SNO+ [41] and Hyper-Kamiokande [42] will improve the
sensitivity of medium-baseline reactor experiments to the K  parameter by the same
factor as the improvement in input parameter precision.
As pointed out earlier, whether the distinction between the NH and IH cases is
stronger or weaker when NSIs are present than it is in the SMM case depends upon
the sign ofK . This gives another handle on the detailed dependence onK  andK+,
and we investigate the sensitivity of the MH determination from medium-baseline
data to these parameters.
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4.4 NH vs. IH as a Function of the New Physics
Parameters K+ and K 
Our measure of the distinction between the spectrum expected in the NH mass
splitting case vs. the spectrum in the IH case is in the form of a 2 that assumes
data given by one case and the t attempted with the other [22]. Statistical and
systematic uncertainties, as well as uncertainties of the input parameters, will blur
the contrast between the two MH possibilities. Assuming that the IH is the data,
for example, we write the corresponding 2 as
2MH = 
N
i=1
 
dN
dE
NH   dN
dE
IH
p dN
dE
IH
!2
i
(E)i; (4.15)
where (E)i is the width of the ith energy bin. It is understood that the NH and
IH rates depend on the NSI parameters K+ and K  (which can be taken as zero
to regain the standard mixing result) as well as the standard three neutrino mixing
angles ij, mass-squared di¤erences m221 and m
2
31 and the baseline L. Again, the
summation is over the data bins, which we take every 0:01 MeV between 1:8 and 8
MeV. Using Eq. 4.15, we look at the e¤ects of varying the NSI parameters, e¤ectively
marginalizing only over the range of input parameter values, m231, which has the
only signicant impact on the value of 2, as pointed out in [22].
In Fig. 4.9, we show the 2MH landscape produced by Eq. 4.15 for the value
m231 = 2:343  10 3, where 2MH takes its minimum value when NSIs are not
present . The gure is normalized by 2MH for K  = K+ = 0; the SMM case. The
baseline is 50 km, central values are chosen for all input parameters except m231,
and the energy uncertainty parameters are taken for illustration to be a = 3% and
b = 0, which are among the values explored in Ref. [22]. The study presented here
is the most straightforward generalization to NSIs of their analysis. As explained
in section 4.2.2 B, for any value of m231 the smallest di¤erence between NH and
IH should occur where P32 is smallest and the largest di¤erence should occur when
P32 is largest. This is qualitatively reected in the behavior shown in Fig. 4.9. The
features of the plots as they depend on K+ and K  are explained in detail in section
4.2.2 B. For any value of K+, the sensitivity to the MH as measured by 2 is
greater in the presence of NSIs if K  > 0 and less if K  < 0. When K  < 0,
the dependence on K+ is very weak, it is completely negligible when K  = 0 and
becomes somewhat stronger when K  > 0. For convenience, in Fig. 4.9 we use the
common value m231 = (2:32+ 0:023 = 2:343) 10 3eV 2, the value at the minimum
when NSIs are zero, for all the points. In fact the minimum value of 2 shows some
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Figure 4.9: For K+ and K  ranging between -0.04 and +0.04, we show the values
of 2MH(K+; K )=
2
MH(0; 0) at the value of m
2
31 where 
2
MH is a minimum.
The case where IH is assumed to be the "data", as computed in Eq.(4.15), is used
for the gure.
dependence on K+ and K , though the qualitative features of the landscape shown
in the gure do not change.
One can make a correspondence between the 2 values at xed a = 3% and
b = 0 energy uncertainties while NSI parameters K+ and K  vary, and the values
that 2 takes on in the K+ = K  = 0 SMM case while a and b vary. For example,
with K+ in the range from 0:0   0:02, K  = 0:04 and a = 0:03 and b = 0, the
2 ' 6:2 is about the same as the IH 2min value for a = 0:02, b = 0:01 at 50 km
in Fig. 7 of Ref. [22], compared to the 2 ' 3:5 shown in Fig. 6 of Ref. [22]
for a = 0:03 and b = 0. This improved sensitivity is driven by the positive value of
K , as indicated in our Fig. 4.9. Conversely, as K  takes on negative values, the
sensitivity is degraded. Combined with hints of NSIs in ts to the event spectrum or
hints from other, independent experiments, an anomalously low or high sensitivity
to the MH may indicate that NSIs are at work.
We do not pursue this in detail here, since our limited goal is to identify points
where planned medium-baseline reactor neutrino precision experiments can be sensi-
tive to NSIs and points where NSIs mimic the e¤ects of uncertainties in the value of
SMM input parameters. The latter degeneracies make the precision determination
of the MH and of SMM parameters model dependent.
To conclude, the planned medium-baseline reactor neutrino experiments to de-
termine the MH and to make precision measurements of neutrino parameters are
also good probes of NSIs as the measurements of sin2(212) and sin2(213) in inde-
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pendent experiments such as SNO+ [41], Hyper-Kamiokande [42] and T2K [47, 43]
become more precise. This will enable one to restrict the degeneracies pointed out
in sections 4:2 and 4:3 and increase sensitivity to NSIs. In particular, the overall
spectrum statistics provide a method for detecting the presence of NSIs at levels
below those available in the literature. This diagnostic is not sensitive to the sign
of the relevant parameter. If there is evidence from the gross spectral features that
NSIs are present, the short oscillation length pattern that reveals the MH also pro-
vides additional information on its sign, which determines whether the MH signal is
suppressed or enhanced.
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Chapter 5
The New Physics in the Reactor
very-Short-Baseline    e
Scattering Experiments
In this chapter, we investigate the NSI e¤ects in the antineutrino-electron scattering
experiments with baselines short enough to ignore the standard neutrino oscillation
phenomena. For this purpose, we consider a setup which is free of ambiguities from
the interference between new physics and oscillation e¤ects and is sensitive to both
semileptonic new physics at the source and purely leptonic new physics in the weak
interaction scattering at the detector. We use the TEXONO experiment as the model
system, extending its analysis of NSI e¤ects at the detector to include the generally
allowed NSI phase at the detector and both NU and FC NSIs at the reactor source.
We nd that the current data allows for NSI constraints at the detector of the same
order as those currently published, however we ascertain that constraints on the
source NSIs are at least an order of magnitude weaker. The NSI phase e¤ects are at
the 5% level, noticeable in the 90% C.L. contour plots, but not signicantly a¤ecting
the overall conclusions. Based on the projected improved statistical uncertainty
with an upgraded TEXONO experiment, we take estimation in the improvement of
sensitivity to both source and detector NSIs. We nd that the bounds on source NSI
parameters improve by an order of magnitude, but do not obtain parameter space
beyond the current limits. On the other hand, sensitivity to NSIs at the detector
would push current limits by factors of 5 to 10.
In the following section, we repeat the important formulas from the analyti-
cal framework we have developed in chapter 3 for the scattering experiments. In
section 5:2, we briey summarize the reactor ux of the Kuo-Sheng reactor and
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target density input to the recoiled electrons spectrum specied for the TEXONO
experiment. In Section 5:3; 5:4 and 5:5, we dene our notation, specify our cross
sections and dene the ux factors that go with each cross section to unify all the
SM plus NSI contributions to the rate at source and detector in a single framework.
Our formalism allows us to make joint C.L. contours with NSI parameters at source
and at detector or at source alone and at detector alone. In section 5:3, we apply
this formalism to the TEXONOs experimental data and check key results from Refs.
[51] and [52], while in section 5:4 we apply the formalism to the modeled data based
on the realistically achievable sensitivity proposed for an upgrade of the TEXONO
experiment [70]. In Table 5:7, we summarize the relevant model independent NSI
parameter bounds of Ref. [50] for comparison.
5.1 Analytical Expressions for the New Physics
Study
Here we reiterate the major analytical expressions of the  e scattering cross sections
from chapter 3 which will be used in the very-short-baseline reactor neutrino scatter-
ing experimental data analysis. The total di¤erential cross section which combines
NSIs at source and detector is given as
F = j1 +Keej2

d( ee)
dT

+ jKej2

d(e)
dT

+ jKe j2

d(e)
dT

; (5.1)
where 
d(ee)
dT

SM+NSIs
=
2G2Fme

[eg2eR + 
 6=e
j"eRe j2
+

(egeL + 1)2 + 
 6=e
j"eLej2

1  T
E
2
 
egeR(egeL + 1) + 
 6=e
<[("eRe )"eLe]

meT
E2
]; (5.2)

d(e)
dT

SM+NSIs
=
2G2Fme

[eg2R + 
 6=
j"eRj2
+
eg2L + 
 6=
j"eLj2

1  T
E
2
 
egR egL + 
 6=
<[("eR)"eL]

meT
E2
]; (5.3)
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and

d(e)
dT

SM+NSIs
=
2G2Fme

[eg2R + 
 6=
j"eR j2
+
eg2L + 
 6=
j"eL j2

1  T
E
2
 
egR egL + 
 6=
<[("eR )"eL ]

meT
E2
] (5.4)
are the corresponding di¤erential cross sections and
<[("eRe )"eLe] = j"eRe jj"eLej cos(eLe   eRe ): (5.5)
is the real part of the product of ("eRe )
"eLe. We will use these expressions to nd the
total event rate for our statistical analysis in the following sections.
5.2 Reactor Neutrino Spectrum and the Chi-Squared
Model
The reactor antineutrinos spectrum produced at Kuo-Sheng Nuclear Reactor is demon-
strated in Fig. 5.1 between the energy range 3 MeV to 8 MeV. In this gure, the
thick green curve is the real data and the embedded black thin curve is our best t
to the the reactor data. The corresponding best t function to reactor data is,
d (e)
dE
=
6X
0
an
(E)n
(5.6)
where the t parameters a0; a1:::a6 have the values given in Table 5.1. The exper-
imentally observed event rate is then compared with the theoretically modeled or
expected event rate. The di¤erential rate with respect to kinetic energy of the recoil
electron (T ) is
dRX
dT
= e
Z Emax
T
F(E) d (E)
dE
dE ; (5.7)
so the rate integrated over the ith bin in T is
RiX =
Z T (i+1)
T (i)
dRX
dT
: (5.8)
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Figure 5.1: Typical antineutrino spectrum at 28m from core at Kuo-Sheng. The green
curve is the data and the black curve inside it is the t.
a0 a1 a2 a3 a4 a5 a6
 1:24 1012 3:73 1013  4:38 1014 2:53 1015  7:46 1015 1:11 1016  6:75 1015
Table 5.1: Fit parameters for the neutrino spectrum.
Here e is the electron number density per kg of target mass of CsI(TI), and
d(E)
dE
is the neutrino spectrum as given in Eq. 5.6 and F(E) is the factor con-
taining the NSI detector cross sections and the corresponding NSI source parameter
coe¢ cients, as given in Eq. 5.1. We use the following denition of 2 from Ref. [52]
to perform the minimum-2 t,
2 =
X
i

RiE  RiX
istat
2
; (5.9)
where RiE and R
i
X are the experimental and expected event rates over the i
th data
bin and istat is the corresponding statistical uncertainty of the measurement.
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Figure 5.2: SM sin2 W vs. 2, (a), and our calculation of the 90% C.L. limits of
Fig. 4(a) and 4(b) of Ref. [13] in Figs. (b) and (c). In Fig. (c), we show the
90% C.L. boundary for the t to TEXONO rate data using Eq. 3.35 in the scattering
cross section Eq. 3.34. The blue, red and green curves, right-to-left at the top, are for
cos(eLe eRe ) = 1; 0 and  1; respectively. The blue curve, with cos(eLe eRe ) = 1;
corresponds to that shown in Fig. 4(c) of Ref. [13].
5.3 Probing Model Parameters with Recoil Elec-
tron Energy Spectrum Data: the TEXONO
Experiment
The primary goal of the TEXONO was an independent determination of the weak
mixing parameter sin2 W , determined strictly from low energy, purely leptonic recoil
spectrum data in the e+ e! e+ e scattering process [51]. The paper [51] stresses
that this data is more sensitive to the right-handed NC component in Eq. 5.2 than
is the corresponding e+ e! e+ e scattering case, where the roles of gL and gR are
reversed. The e   e scattering is consequently more sensitive to gR= sin2 W . We
reproduce and recap the TEXONO experiment [51] and its related analyses [52, 70]
that are directly relevant to our NSI parameters study. Using their ux and binned
rate spectrum, we show the result of a 2 analysis with statistical errors only in Fig.
5.2(a). The 1 and 90% C.L. lines are included for guidance. We nd a best t of
sin2 W = 0:251 0:030 in agreement with TEXONOs result obtained in Ref. [51].
Following publication of their experimental results [51], detailing the experiment
and the results on sin2 W and on an upper limit of the neutrino magnetic moment,
the collaboration presented limits on NSI parameters and on couplings of unparticles
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Figure No. R-Parameter Bounds L-Parameter Bounds
5:2(b)  0:15 < "eRee < 0:08  1:79 < "eLee < 0:41
5:2(c)  0:18 < "eRe < 0:18  0:76 < "eLe < 0:76
Table 5.2: Bounds at 90% C.L. obtained from Fig. 5.2(b) and 5.2(c) in the absence
of any source NSI where  =  or  :
to neutrinos and electrons [52]. Since we are pursuing an extension of the NSI bounds
to include the possibility of semileptonic NSI modications to the reactor source of
es and their interplay with the purely leptonic detection NSIs, we are primarily
interested in C.L. boundaries in two parameter ts to the data and the joint limits
obtained from these analyses. As an illustration, we check our evaluation of the 90%
C.L. boundaries in the "eRee   "eLee plane and, alternatively, the "eRe   "eLe plane, Figs.
4a and 4b in [52]. We demonstrate the result of this exercise in Figs. 5.2(b) and the
blue boundary, rightmost at the top, in Fig. 5.2(c). In both cases we nd that our
results and TEXONOs agree within the ability to read o¤ values along the contours.
We show the 90% C.L. projections of these plots on the individual axes for the two
cases in Table 5.2. The red and green curves, center and leftmost in Fig. 5.2(c)
are examples of other phase choices, as we discuss in subsection 5:2:1. For the NU
case of "eRee   "eLee plane, we quote the right-hand solution values, since both the R
and L limits are the most stringent for this solution. The FC case assumes the NSI
parameters are purely real. There is no degeneracy in this case, and the projected
individual two parameter limits are straightforward. The weak correlation between
the R  and L  NSI parameters is due to the small R   L NSIs interference term.
Although our contour agrees with those as obtained in Ref. [52] and our "eRe bounds
agree with the ones quoted in their Table I, our limits on "eLe are somewhat smaller.
5.3.1 Role of the Detector NSI Phases in Determining the
C.L. boundaries
The R L interference term in the di¤erential cross sections depends on the FC NSI
parameter phases, as displayed for the case e + e !  + e in Eq. 5.5. From the
point of view of this general formula, the blue boundary, rightmost at the top, in Fig.
5.2(c) can be interpreted as the composite of the cases eRe = 
eL
e = 0, where "
eR
e and
"eLe are both real and positive, 
eR
e =  and 
eL
e = 0, where "
eR
e is real and negative
and "eLe is real and positive, 
eR
e = 
eL
e = , where "
eR
e and "
eL
e are both real and
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negative, and, nally, eRe = 0 and 
eL
e = , where "
eR
e is real and positive and "
eL
e
is real and negative. Alternatively, it can be interpreted as the composite of cases
where 0 and  are replaced with =2 and 3=2 and real replaced with imaginary.
Because the R   L interference term is suppressed by the factor meT=E2 and E 
3 MeV, the changes in the parameter boundaries as the phase di¤erences range from
0 to  are small, as shown in Fig. 5.2(c). Conclusions about allowed boundaries
for NSI parameters for the range of energies of interest in reactor experiments are
a¤ected very little in this analysis, but for experiments with signicantly lower energy
radioactive sources or for low energy solar neutrino experiments such as Borexino
[71] and LENA [73] , the R   L correlation term can be relatively larger and the
phase e¤ects may become more signicant. For present purposes, we illustrate the
range of e¤ects that change of phases can make on the C.L. boundary in Fig. 5.2(c).
The small changes in boundaries is shown in the gure by the di¤erence between the
blue, red and green curves, corresponding to cos(eLe   eRe ) = 1; 0 and  1, reading
from right to left at the top of the gure. One can see that the correlation disappears
for the case of cos(eLe eRe ) = 0, the red, middle curve. The R L correlation term
vanishes in this case because the R  and L  parameters are =2 out of phase; one
can be real and the other imaginary, for example.
5.4 Interplay Between Source and Detector New
Physics Parameters (K vs. "
eR;L
 )
In this section, we explore the correlation between the source and the detector NSI
parameters. We take pairs of source and detector NSI parameters and survey the
90% C.L. boundary regions in the various two parameter spaces. We focus on the
bounds on the source NSI parameters and assess the strength of the bounds found
to the bounds currently available in the literature. At the same time, as we have
already checked in section 5:2, we check for consistency of the bounds on the detector
NSI parameters with those found by TEXONO [52].
Since the current bounds on the real part of Kee are of the order 10 3, as given
in Ref. [50] and found independently from Daya Bay data in Ref. [56], and these
are much tighter than we can imagine providing with the current analysis based on
the TEXONO data, therefore we assume Kee is purely imaginary in this section.
Consequently, the source NSI parameter in the case of incident e in Eq. 5.1 is
K2ee = 1+(=[Kee])2. Bounds found will then refer to =[Kee]. Fig. 5.3 shows the 90%
C.L. boundaries for the ts to the TEXONO data as parameterized by one source
NSI parameter and one detector NSI parameter with all of the other NSI parameters
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Figure 5.3: C.L. boundary regions for the published TEXONO data. Upper panels
[(a)-(d)]: Correlation between the source NSI parameter (Kee) and the corresponding
detector NSI parameters ( "R; Lee and "
R; L
e ; where  = , ) at 90% C.L.. See the
text for details. Lower panels [(e)-(h)]: Correlation between the source NSI parameter
(Ke) and the corresponding detector NSI parameters ( "R; L , "
R; L
 and "
R; L
 ; "
R; L
 ;
where  = e or  and  = e or  ) at 90% C.L.. See the text for details.
set equal to zero.
From the 90% C.L. contours shown in Fig. 5.3, we can determine the 90% C.L.
bounds on the source NU NSI parameter, Kee; and any of the detector parameters,
"eR;Le ; by projecting onto the parameter axes for each contour. We can nd limits
only for the cases corresponding to the source NU NSIs as quoted in Table 5.3. In
all of the cases involving the source FC semileptonic NSI parameters K, there is
no bound on any of the leptonic, detector NSI parameters "eR;L as K ! 0, because
the source is receiving only e ux in this limit. In this sense, the parameters K
and "eR;L are highly correlated. There is still the possibility for placing upper bounds
on the Ke parameters in this case if the detector NSI parameters are constrained
to be smaller than their current bounds [50], which are near zero on the scale of Fig.
5.3(e)-(h). We can then place upper 90% C.L. bounds on the values of Ke or Ke
for the special case where detector NSI parameters, "eR; L = "
eR; L
 = 0, and likewise
for  !  . These one-parameter-at-a time upper bounds on Ke or Ke , the type
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Figure No. NSI Parameters at Source NSI Parameters at Detector
5:3(a)  1:35 < ImKee < 1:35  0:17 < "eRee < 0:07
5:3(b)  0:9 < ImKee < 0:9  1:4 < "eLee < 0:34
5:3(c)  0:72 < ImKee < 0:72  0:18 < "eRe < 0:18
5:3(d)  0:72 < ImKee < 0:72  0:76 < "eLe < 0:76
5:3(e)  0:72 < ImKe or ImKe < 0:72 "eR and "eR are unbounded
5:3(f)  0:72 < ImKe or ImKe < 0:72 "eL and "eL are unbounded
5:3(g)  0:72 < ImKe or ImKe < 0:72 "eR and "eR are unbounded
5:3(h)  0:72 < ImKe or ImKe < 0:72 "eL and "eL are unbounded
Table 5.3: Bounds at 90% C.L. obtained from Fig. 5.3, where  = e or  and  = e
or :
commonly reported in the literature, are the bounds we quote in Table 5.3. For cases
where there is no systematic correlation between parameters, the one parameter and
two parameter bounds on the individual parameters are the same anyway. Since
only "eRe is taken to be nonzero in the two-parameter analysis yielding Fig. 5.3(c),
therefore there is no dependence on its phase, and similarly for "eLe in Fig. 5.3(d).
As clear from Eq. 5.5 and illustrated in Fig. 5.3(c) and Fig. 5.3(d), both must be
included in a tting analysis for the relative phase to play a role.
Briey summarized, the results of this study based on the published TEXONO
data show that the sensitivity to reactor source NSI parameters, K, is at least
an order of magnitude less than the sensitivity of the data used to establish the
currently available bounds. On the other hand, the sensitivity to detector NSIs is
of the same order of magnitude as the current bounds for the right-handed NSI
couplings, though much less for the left-handed couplings. The future improvements
in sensitivity, as envisioned by the TEXONO collaboration [52, 70], should change
this situation considerably, and we turn to this consideration in the next section.
5.5 Future Prospects of the TEXONOExperiment
In this section, we study the future prospects of the TEXONO experiments in order
to tighten the source and detector NSI parameter bounds by adopting the projected
improvements in statistical sensitivities, which are "realistic and feasible" as reported
in Table 2 and the related text in Ref. [70]. Their essential point is that statistical
uncertainty of the measured value of sin2 W can realistically be reduced to 0:0013.
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Figure 5.4: SM sin2 W vs. 2; (a), the 90% C.L. contour for NU L  and R  NSI
parameters, (b), and in (c) the 90% C.L. contours for the same phase choices as in
Fig. 5.2, but for the modeled future prospects data. All source NSI parameters are
set to zero.
Figure No. R-Parameter Bounds L-Parameter Bounds
5:4(b)  0:0023 < "eRee < 0:0023  0:04 < "eLee < 0:04
5:4(c)  0:03 < "eRe < 0:03  0:19 < "eLe < 0:19
Table 5.4: Bounds at 90% C.L. obtained from Fig. 5.4(b) and 5.4(c) in the absence
of any source NSIs, where  =  or  :
We follow the experimental setup from Ref. [51, 52] and generate our data in 10
energy bins, each of step 0:5 MeV. We generate our modeled data by assuming that
the best t value turns out to be sin2 W = 0:2387 [72], the value cited for comparison
to their experimental t value sin2 W = 0:251 by Ref. [51]. We dene our model 2
 distribution by forming
2 =
P
i

RNSIs  RSM
stat
2
i
(5.10)
where RNSIs is predicted event rate with all unknown NSI parameters, RSM is the
data model rate and stat is the statistical uncertainty over each recoil energy bin.
We dene stat as the deviation from the central value RSM within 1 statistical
uncertainty, obtained by evaluating the rate with sin2 W = 0:2387. To achieve a
t to the 10 bins of rate data that yields the projected uncertainty of 0:0013 for
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Figure 5.5: C.L. boundary regions for future prospects data. Upper panels [(a)-
(d)]: Correlation between the source NSI parameter (ImKee) and the corresponding
detector NSI parameters ( "R; Lee and "
R; L
e ; where  =  or ) at 90% C.L.. See
the text for details. Lower Panels [(e)-(h)]: Correlation between the source NSI
parameter (ReKee) and the corresponding detector NSI parameters ( "R; L , "
R; L
 and
"R; L ; "
R; L
 where  = e or  and  = e or  ) at 90% C.L.. See the text for details.
sin2 W ; we nd that evaluating the event rates in each bin with sin2 W roughly
(
p
10 ' 3)0:0013 per bin and taking the average deviation from the central value
yields a data set whose uncertainties are consistent with expectations [70]. We take
this model set as the basis for estimated future sensitivity to NSIs [69]. The results
shown in Fig. 5.2 are redone using future prospects data in Fig. 5.4 and the bounds
obtained at 90% C.L. are given in Table 5.4 [69].
From Fig. 5.4 and the bounds summarized in Table 5.4, we see immediately the
impact of improved sensitivity to the presence of NSIs at the detector in the removal
of the degeneracy in the "eRee vs. "
eL
ee plot when compared to Fig. 5.2. The purely
leptonic NU and FC new physics e¤ects can be probed with up to two orders of
magnitude higher renement in the right-handed lepton sector and up to an order of
magnitude more renement in the left-handed sector. With comparable experimental
sensitivity in an e   e elastic scattering experiment, a complimentary result with
the left-handed sector being favored could be achieved [73, 74].
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Figure No. NSI Parameters at Source NSI Parameters at Detector
5:5(a)  0:33 < ImKee < 0:33  0:013 < "eRee < 0:002
5:5(b)  0:14 < ImKee < 0:14  0:045 < "eLee < 0:036
5:5(c)  0:13 < ImKee < 0:13  0:03 < "eRe < 0:03
5:5(d)  0:13 < ImKee < 0:13  0:18 < "eLe < 0:18
5:5(e)  0:057 < ReKee < 0:054  0:013 < "eRee < 0:016
5:5(f)  0:01 < ReKee < 0:01  0:043 < "eLee < 0:042
5:5(g)  0:064 < ReKee < 0:007  0:086 < "eRe < 0:086
5:5(h)  0:015 < ReKee < 0:008  0:25 < "eLe < 0:25
Table 5.5: Bounds at 90% C.L. obtained from Fig. (5.5), where  = e or  and
 = e or :
Turning to the cases where the NSIs can be active at both the source and detector,
we repeat the exercise of section 5:3 and study the parameter spaces of combined
source-detector pairs as demonstrated in Fig. 5.5 and in the accompanying Table
5.5. The sensitivity to the combinations improves typically by factors of 5 to 10 in
both source and detector probes compared to the bound shown in Fig. 5.3 and Table
5.3. Comparing to current bounds in our Table 5:7, which we have reproduced from
Ref. [50], for example, we nd that the bound on "eRee in entry 5.5(e) is a factor 10
below the bound given there, while the bound on "eRe given in entry 5.5(g) is a factor
of 5 below its bound quoted in Table 5:7. In case of the source NU NSI parameter,
Kee, the constraints are becoming competitive with those published [50] and given in
our Table 5:7, being within about a factor of 3 for both the imaginary part (top four
rows) and the real part (bottom four rows) of Kee of the Table 5:5. Looking at entry
5.5(c) or 5.5(d) in Table 5.5, we nd that j ImKeej < 0:13 , compared to the current
best bound of 0:041, which is also the best bound for j ImKe j , compared to our
bound of 0:1 shown in Table 5.6. Thus, an upgraded TEXONO experiment could
provide independent conrmation of the bounds on these parameters, but would not
probe a new parameter space for the new physics. Similarly, as shown in Fig. 5.6 and
Table 5:6, the bounds on the FC semileptonic parameters Ke and Ke achievable by
an upgraded TEXONO experiment are within a factor 2 or 3 of the current bounds
and possibly provide an independent check, but do not reach to new regions in their
parameter space.
Though the FC Ke vs. " or " studies in Fig. 5.6 provide no bounds on the
detector NSI parameters; "s; because the wrong avor source neutrino ux is zero in
the limit as Ke or Ke ! 0, the j"eR;Le j limits in Table 5:5 apply to j"eR;Le j because
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Figure 5.6: Correlation between the source NSI parameter (ReKe and ReKe ) and
the corresponding detector NSI parameters ( "R; L , "
R; L
 and "
R; L
 ; "
R; L
 ; where  =
e or  and  = e or  ) at 90% C.L.. See the text for details.
Figure No. NSI Parameters at Source NSI Parameters at Detector
5:6(a)  0:1 < Ke or Ke < 0:1 "eR and "eR are unbounded
5:6(b)  0:1 < Ke or Ke < 0:1 "eL and "eL are unbounded
5:6(c)  0:1 < Ke or Ke < 0:1 "eR and "eR are unbounded
5:6(d)  0:1 < Ke or Ke < 0:1 "eL and "eL are unbounded
Table 5.6: Bounds obtained from Fig. (5.6) at 90% C.L., where  = e or  and
 = e or : All the source NSI parameters K are either pure real or imaginary.
of the Hermiticity constraint "eR;L = "
eR;L
 , as noted after Eq. 3.35.
We conclude that the currently envisaged upgrade to the TEXONO experiment
promises to probe an order of magnitude deeper into the right-handed leptonic NSI
parameter space. To improve the sensitivity to the left-handed leptonic NSI parame-
ters, high intensity short-baseline e experiments with large targets, along the lines
of the LENA project [73, 74] will be needed. To dig deeper into the semileptonic
CC parameters space with a reactor antineutrino source, a third generation of the
TEXONO type of experiment would be needed, since we conrm that the current
plans can only bring bounds to the level of those currently available. Otherwise,
oscillation experiments with interference between the relevant NSI parameters and
the oscillation amplitudes involving standard oscillation parameters, independently
measured and known to high accuracy would be needed, as we have investigated in
detail in our study in chapter 4 and in Ref. [54].
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NSI Parameters at Source NSI Parameters at Detector
jKeej < 0:041 j"eRee j < 0:14; j"eLee j < 0:06
  j"eRe j < 0:10; j"eLe j < 0:10
  j"eRe j < 0:27; j"eLe j < 0:4
jKej < 0:025 j"eRe j < 0:10; j"eLe j < 0:10
  j"eRj < 0:03; j"eLj < 0:03
  j"eR j < 0:10; j"eL j < 0:10
jKe j < 0:041 j"eRe j < 0:27; j"eLe j < 0:4
  j"eR j < 0:10; j"eLj < 0:10
  j"eR j < 0:4; j"eL j < 0:16
Table 5.7: Bounds at 90% C.L. taken from Eq. (44) and Eq. (45) of Ref. [50]
for comparison. Notice that we have used our own notation for their bounds for
convenience. It should be noted that there is a separate upper bound ReKee  10 3
from the CKM unitarity and lepton universality constraints.
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Chapter 6
Summary and Outlook
This work is based on the phenomenology of new physics e¤ects due to the NU
and FC NSIs in the reactor antineutrino short-baseline, and its implications for the
ongoing medium-baseline, disappearance oscillation experiments and in the elastic
antineutrino-electron scattering experiments. We developed our formalism and nota-
tion and applied it to the experimental data of the reactor neutrino experiments. For
this purpose, we drew on the Daya Bay and its ongoing upgraded version of JUNO
for the oscillation case and the TEXONO and its future upgrade for the scattering
case.
In the case of oscillation experiments, we have investigated the new physics e¤ects
on reactor neutrino short-baseline and on the ongoing medium-baseline oscillation
experiments. The current limits on NSI parameters of new physics are tight enough
and the recent measurement of the value of reactor e disappearance oscillation
probability is large enough that new physics e¤ects can be analyzed transparently
at leading order in the NSI parameters. We rst developed the necessary formal
framework which combines the new physics e¤ects at both source and detector and
which can identify two e¤ective NSI parameters (K+ and K ) that play a major
role in our case in analyzing the short- and medium-baseline neutrino disappearance
data. These NSI parameters are combinations of the complex avor violating NSI
parameters, the mixing parameters of the SMM and, in the case of K+, the SMM
CP violating phase ; also. We performed both spectral and statistical analyses to
see the new physics e¤ects on the expected event rates and on the MH in the planned
medium-baseline oscillation experiments. The newly discovered experimental value
of the mixing parameter sin2(213) and its precision in short-baseline experiments of
Double Chooz, RENO and Daya Bay [1, 2, 3] allows us to constrain a combination of
the mixing parameter sin2(213) and K+. This constraint is then used as an essential
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input to our analysis of search for new physics e¤ects in the ongoing medium-baseline
e disappearance experiments, aiming at determining the neutrino MH, the precision
measurement of standard mixing angles and magnitudes of mass-squared di¤erences.
Using this constraint as an input helps us to reduce our analyses of the medium-
baseline experiments to a two parameter problem, either sin2(213) and K  or K+
and K . With this constraint, we further explore the event rate spectra and the
statistical sensitivities in the medium-baseline experiment of a typical baseline of
50 km; which is the default value of the baseline length throughout our analysis.
Both rate spectral and the statistical sensitivity analyses have been performed using
both perfect energy resolution and taking generous amount of uncertainties in the
energy resolution of the detector energy response. We have also checked how the
degeneracy due to the variation of the standard mixing parameters within their
uncertainties mimics with the NSI parameters. This degeneracy was further explored
in the event rate spectrum study and in the statistical sensitivity study. We have
presented our results at an optimal level with the extreme cases of all the parameter
ranges which contain all of the intermediate information.
In the event rate spectrum study, we rst checked how MH discrimination is
a¤ected by the new physics e¤ects. There are possible degeneracy e¤ects among the
SMM parameters and the NSI parameters which we checked for various choices of all
the parameter values. We mainly focused on the variation of sin2(212) versus the NSI
parametersK+ andK :When sin2(212) was varied within its 1 range with no NSIs
present, we found the e¤ects were mimicked by NSI parameters varied in the same
range while sin2(212) was held xed at its central value. We have shown that NSI
e¤ects start to show up outside the 1 range of sin2(212). The degeneracy was further
explored in the statistical analysis of the event rate spectrum. We found that the long
oscillation-length term, being sensitive to the probability factor P21, was determined
to depend only on sin2(212) andK , the dependence onK+ being entirely negligible,
simplifying our statistical analysis. The short oscillation-length MH sensitive term
is controlled by the probability factor P32, which we showed depends linearly on
K , with a coe¢ cient that depends only weakly on K+ through its constraint with
sin2(213). We discover that the impact of NSIs is not as dramatic on the MH
sensitive terms as on the scale of the rate spectrum, as indicated. Nonetheless,
with su¢ cient statistics and reduction of systematic uncertainties, the distinction
can be made [22]. We have also found that the NSI e¤ects are also degenerate
with variation in sin2(213)eff , emphasizing the need for precise determination of
sin2(213) which should be independent of reactor neutrino experiments and possible
in the appearance experiments.
Following up on the above considerations, we varied the value of sin2(212) within
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its 1 range in the NSIs t function, while adopting the SMM with the central values
of input parameters as the data. We added the "pull" term to our statistics, which
penalizes the t by one unit of 2 at 1, 4 units at 2 and so forth. We found a
continuum of very nearly degenerate 2  minima with values typically of the order
10 4 to 10 5. The spread in K  values at the minima is roughly from  0:025 to
+0:025 as sin2(212) runs over its 1 uncertainty, 0:857 0:024. The e¤ects of vary-
ing other parameters were negligible. The bounds on the K  parameter follow the
bounds on the input uncertainties in sin2(212) quite closely. This observation has
important consequences: the tighter the input uncertainties, the higher the sensitiv-
ity to the NSI parameter K , so doubling the precision doubles the sensitivity to
NSI parameters.
Finally, we investigated the inuence of NSIs on the statistical distinction between
NH and IH in the ongoing medium-baseline experiments. Generalizing the pattern
of analysis of Ref. [22], we showed that, for a given statistical and systematic energy
determination uncertainties, the allowed NSI parameter ranges can either enhance
or suppress the sensitivity expectations based on the SMM analysis. Improved,
independent determination of sin2(213) can improve the sensitivity to NSI parameter
K  in the MH determination in medium-baseline experiments. Moreover, it can
provide sensitivity to the parameter K+ in the short-baseline experiments.
We conclude that the planned medium-baseline, reactor neutrino experiments to
determine the MH and to make precision measurements of the neutrino SMM para-
meters are also good probes of NSIs as the measurements of sin2(212) and sin2(213)
in independent experiments such as SNO+ [41], Hyper-Kamiokande [42] and T2K
[47, 43] become more precise. This will enable one to restrict the degeneracies pointed
out in sections 4:2 and 4:3 and increase sensitivity to NSIs. In particular, the overall
spectrum statistics provide a method for detecting the presence of NSIs at levels
below those available in the literature. This diagnostic is not sensitive to the sign
of the relevant parameter. If there is evidence from the gross spectral features that
NSIs are present, the short oscillation length pattern that reveals the MH also pro-
vides additional information on its sign, which determines whether the MH signal is
suppressed or enhanced.
In case of the scattering experiments, we have explored the new physics e¤ects
in the reactor short-baseline TEXONO experiment at source and detector. We used
the published data from the TEXONO experiment of the elastic    e scattering at
the detector and then a modeled data which we simulated for the projected improved
sensitivity of TEXONOs future upgrade. The very-short-baseline experiments like
TEXONO have the advantage over the other experiments that their data is free from
the degeneracy e¤ects arising from the interference between neutrino oscillations and
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the NSIs at source, since the baselines are too short for oscillations to occur. This
virtue of the very-short-baseline experiments enables us to combine the new physics
e¤ects at source and at the detector in a single unied framework. We developed
such a framework along with adding the full details of phases of all the possible FC
NSI parameters at detector, which were ignored before in the literature for no reason.
The intriguing aspect of this formalism is to nd correlation between the new physics
e¤ects at source and the new physics e¤ects at the detector using data of the very-
short-baseline experiments. Our approach is to constrain the CC, semileptonic source
NSI parameters using the detector data results into bounds that are comparable to
the current ones.
At the rst stage, we used the TEXONO data and reproduced the best t value
of the weak mixing angle and its statistical uncertainty, sin2 W = 0:251 0:030 [51];
and then we reviewed the 90% C.L. boundaries of NSI parameters presented in
Ref. [52] along with the phase e¤ects on the boundary in the FC, in "eRe   "eLe
parameter space, and we found complete agreement with TEXONO results. We
checked that we can properly reproduce the TEXONOs results, adding the small
but noticeable dependence on the choice of phases for the FC NSI parameters at the
detector. The phase e¤ects on the bounds were found to be at the 5% level. In lower
energy experiments with su¢ cient statistics, this phase e¤ect may be more striking
as the coe¢ cient of the correlation term becomes larger relative to the other terms
contributing to the rate.
Including the NSIs at the reactor source, we surveyed examples of the interplay be-
tween the source NSI parameters and the detector NSI parameter boundaries at 90%
C.L. based on the TEXONO data. All of the bounds on the source NSI parameters,
K; are 1  2 orders of magnitude larger than the best current bounds, whereas the
bounds on the R parameters ("eR) of NSIs are about the same as the current avail-
able best bounds that exist in the literature [50] and obtained through other methods
such as CKM unitarity or lepton universality, but the corresponding L parameter
("eL) bounds are a factor 5   10 larger. Because the FC NSI parameters at source
must be non-zero for a bound on the detector parameters "eL;R to exist, no bounds
can be placed independently on the "eL;R in such interplays, but because of the her-
miticity, "eR;L = ("
eR;L
 )
; the bounds on the FC parameters, "eL; Re ; "
eL; R
e are applied
to "eL; Re ; "
eL; R
e as well.
At the second stage, we used our modeled data based on the estimated future
improvements in sensitivities of the upgraded version of the TEXONO experiment.
We basically repeated the above mentioned practice to survey the parameter spaces
in anticipation of this upgrade. Compared to the bounds based on current data our
74
estimates of future, high sensitivity data show that an order of magnitude increase
in the level of sensitivity to the source and detector NSI parameters is achievable
compared to the sensitivity with the current TEXONO data. This brings the bounds
of detector NSI parameters well below the current bounds in all but the case of "eLe ,
which is the same as the current bound.
Our approach of bounding the CC source semileptonic NSI parameters results in
projected bounds that are comparable to the current ones. The very feature that
makes this class of very-short-baseline experiments, especially clean for probing the
source NSI parameters, namely the lack of interference with neutrino mixing am-
plitudes, makes it less sensitive. The parameters of interest appear as the modulus
squared in the FC case, while in the NU case, the interference with the SM contri-
bution gives a boost to the sensitivity to the real part of Kee, which has a very tight
bound already, coming from CKM unitarity or lepton universality and for the same
reason.
To delve deeper into the CC, semileptonic parameter space with a reactor anti-
neutrinos source, a third generation of the TEXONO type of experiment would be
needed, since we nd that the current plans would only bring bounds to the level
of those currently available. Otherwise, as remarked in chapter 4; oscillation experi-
ments with the interference between the relevant NSI parameters and the oscillation
amplitudes involving standard oscillation parameters, independently measured and
known to high accuracy, would be needed. Although, we see that the currently
envisaged upgrade to the TEXONO experiment promises to probe 1   2 order of
magnitude deeper into the NU leptonic NSI parameter space and an order of mag-
nitude in the FC R parameter space, but the same to current bounds in case of the
FC L parameter space. To improve the sensitivity to the FC leptonic NSIs, high
intensity, very-short-baseline e experiments with large targets, along the lines of the
LENA project [73, 74] will be needed.
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We explore the impact of nonstandard interactions at source and detector on the interpretation of reactor
electron neutrino disappearance experiments with short- and medium-baseline designs. We use the
constraints from the recent results from short-baseline experiments and generalize current estimates of
medium-baseline event rates to include charged current interactions at source and detector with standard
Lorentz structure but with nonstandard flavor structure. We find that the average spectrum of observed
events at a baseline of 50 km, in the middle of the currently favored region, provides a probe of new
interactions. We show that an improvement in sensitivity to nonstandard interactions is possible if
combined with improved precision of input mixing parameters in independent experiments, despite
ambiguity in interpretation of medium-baseline data. We show that nonstandard interactions can enhance
or suppress the sensitivity of experiments to the mass hierarchy, depending on the phases of the parameters
and the CP-violating phase in the standard three-neutrino mixing picture.
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I. INTRODUCTION
In the past year, the Double Chooz [1], Daya Bay [2], and
RENO [3] electron neutrino disappearance experiments
have announced measurements of the elusive parameter
sin 2ð213Þ in the vicinity of 0.1. The significance of the
measurements of Daya Bay and RENO is many standard
deviations from zero, making their results a milestone in the
understanding of neutrino physics. Daya Bay’s result is
especially interesting in that its systematic error is a factor
3 smaller than its statistical error in the first announced result
and a factor 2 smaller in the second announcement with
greatly increased statistics [4]. The total uncertainty is about
12%, and the ultimate uncertainty estimate is 1=3 of that.
The plans for a substantial increase in the precision of these
measurements and ongoing plans for increased precision
from accelerator experiments beyond MINOS [5] and T2K
[6] make this a good time to assess the impact on searches
for new physics, such as those surveyed in Refs. [7–9].
Short- and medium-baseline reactor neutrino experiments
involve only vacuum oscillation, and, thus, are ideal for the
purpose of revealing effects of flavor changing nonstandard
interactions (NSI) at source and detector [8], since flavor
conserving NSI and their contribution to matter effects only
play a significant part in the analysis of higher energy,
longer-baseline experiments.
Though charged lepton decays put stringent bounds on
many lepton flavor violating parameters in the ‘‘charged
current’’ modes, the direct evidence against lepton flavor
violation in neutrino experiments, referred to as ‘‘model-
independent limits,’’ is much weaker [10]. There is now a
strong effort to use the large value of sin 2ð213Þ to deter-
mine the mass hierarchy (MH) [11–22] in medium-baseline
experiments, such as the JUNO [23–25] and RENO-50 [26]
projects. This goal was inaccessible in the KamLAND
experiment [27], because the value of sin 2ð213Þ was un-
known, and the statistics, though sufficient for measuring
tan 212 and m
2
21, were far short of measuring sin
2ð213Þ
and determining the MH. It is an ideal time to combine the
short-baseline measurements of the value of sin 2ð213Þ and
the planned reactor medium-baseline precision MH mea-
surements to assess the prospects of seeing new physics. The
current status of NSI, including recent work on reactor
neutrinos, is reviewed in Ref. [28].
We implement the short-baseline constraint between
sin 2ð213Þ and NSI parameters inherent in ‘‘same physics
at source and detector’’ left-handed NSI to determine the
conditions required in the medium-baseline experiments to
probe deeper into the NSI parameter space to look for new
physics effects. Allowing the input value of sin 2ð212Þ to
vary, we find a degeneracy between the choice of this
mixing angle and the choice of the NSI parameter. Given
the current precision of its measurement, we find this
degeneracy limits the reach of the reactor data for probing
NSI to values comparable to those already achieved [10].
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Higher sensitivity can be achieved as solar neutrino experi-
ments with different physics in the source, propagation,
and detection chain improve precision in step with that in
reactor neutrino measurements [29].
Turning to the MH question, we find that the discrimi-
nation between the normal hierarchy (NH) and inverted
hierarchy (IH) of neutrino mass splittings is complicated in
the presence of NSI, showing that the sensitivity to the MH
can be significantly affected depending on the magnitude
and sign of a NSI parameter, enhanced if positive and
suppressed if negative.
In the next section, we briefly review our formalism and
notation, then we turn to a section on short-baseline and
medium-baseline applications and energy spectra. We fol-
low with a survey of our results on the statistical sensitivity
of the features of the spectra to NSI and then summarize
and conclude.
II. FORMALISM OF SOURCE AND
DETECTOR NSI CONSEQUENCES
FOR NEUTRINO OSCILLATIONS
As pointed out [30] and developed [31–35] a number of
years ago, the presence of lepton flavor violation at the
source and detector of a neutrino beam can skew the
interpretation of neutrino oscillation experiments. For ex-
ample, the wrong flavor neutrino provided at the source
oscillates and can provide a right flavor lepton signal at the
detector confusing a wrong signal ‘‘appearance’’ search, or
a wrong signal at the detector confusing a right signal
‘‘disappearance search.’’ To begin, let us establish our
notation by defining the effective four-fermion charged
current semileptonic Lagrangian appropriate for the reac-
tor neutrino application. We restrict ourselves to the case of
left-handed neutrino helicity currents and vector and axial
vector quark currents and write [33]
Ls¼2 ﬃﬃﬃ2p GFKijðliPLUjaaÞ½ dðPLþPRÞuyþH:c:;
(1)
where indices i, j, k run over flavor basis labels and a, b, c
over mass basis labels, and the repeated indices are
summed over [36]. The flavor label correspondences are
e ¼ 1,  ¼ 2, and  ¼ 3, and the d and u spinor fields
designate down and up quarks. The coefficients Kij repre-
sent the relative coupling strengths for the various lepton
flavor combinations. For reactor disappearance search ap-
plications, a nuclear decay provides the source of neutri-
nos, and the inverse beta decay reaction provides the
electron signal for the detector. From the form of Eq. (1)
it is apparent that the effect of the NSI represented by the
elements of the dimensionless matrix Kij are captured by
the replacement Uia ! KilUla in the weak Lagrangian. In
the expression for the oscillation propagation amplitude for
antineutrinos of flavor i at the source to produce leptons of
flavor j at the detector, this amounts to the replacement
Aij ¼ Uiaeim2a L2EUja ! KikUkaeim2a L2EKjlUla: (2)
Here, the neutrino mass eigenvalues are ma, the baseline is
L, the propagating neutrino energy is E, and in the present
study, we simplify to the case  ¼ 0. The repeated indices
are always taken to be summed. The corresponding
expression for the neutrino beam case reads
Aij ¼ Uiaeim2a L2EUja ! KikUkaeim2a L2EKjlUla: (3)
In matrix form, the expressions to the right of the arrows in
Eqs. (2) and (3) can be written compactly as
A ¼ ðKUÞXðKUÞy ¼ KðUXUyÞKy; A ¼ AT: (4)
The flavor violating interactions act as a ‘‘K transforma-
tion’’ on the standard oscillation probability. In Eq. (4), the
diagonal matrix X is defined as Xdiagðexpð2ix1Þ;
expð2ix2Þ;expð2ix3ÞÞ, and 2xa  m2aL=2E. When
X ¼ 1, the unit matrix, then A ¼ KKy  1 in general.
As we describe later, in the case of e ! e in the approx-
imations we adopt here, ðKKyÞee ¼ 1.
A. Effect of source and detector lepton flavor violation
on reactor e disappearance probability formulas
To focus on flavor changing NSI, we develop our case
with the flavor changing coefficientsKe andKe. Because
the freedom to redefine the phases of coefficients is already
exhausted by redefining fermion fields in the standard
mixing matrix definition, the elements of the matrix
K are complex in general, and we write Ke ¼
jKej exp ðieÞ and Ke ¼ jKej exp ðieÞ. Our electron
antineutrino propagation amplitude now reads, taking
Kee ¼ 1,
Aee ¼ ðUea þ jKejeieUa þ jKejeieUaÞe2ixa
 ðUea þ jKejeieUa þ jKejeieUaÞ: (5)
The oscillation probability factor P ¼ A A can now be
computed straightforwardly. We will display only the
leading-order terms in the K’s in our explicit formulas
below, since the flavor violating coefficients are con-
strained by experimental searches to be of order 0.05 or
less [10]. The results we quote are valid to accuracies better
than experimental uncertainties so long as no special
choices between the standard mixing CP-violating phase
	 and the NSI phases reduce the linear terms to values
much less than the absolute magnitudes of the NSI pa-
rameters. Since only the real part of the parameter Kee
contributes to the disappearance probability, and its value
is bounded to be more than an order of magnitude smaller
than the flavor violating parameters Ke and Ke [10], we
do not include it in the first-order formulas. Strictly speak-
ing, the terms in P e! e should be normalized, but the
normalization affects only higher-order terms in the Kij
parameters [37].
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Sketching the organization of the e disappearance
propagation probability with NSI at source and detector,
wewrite the generic form of the modulus of the propagation
amplitude as
j Aeej ¼ jA11 þ A21e2ix21 þ A31e2ix31 j; (6)
where xij¼xixj¼m2ijL=4E, with m2ij¼m2im2j . In
Eq. (6), the quantities Aij are all real. Judiciously using
double-angle formulas for cosines and sines and the fact
that A11 þ A21 þ A31 ¼ 1 in our case, one finds the expres-
sion [38]
j Aeej2¼ Pee¼1ðP21sin2x21þP31sin2x31þP32sin2x32Þ:
(7)
In Eq. (7), we define P21 ¼ 4A11A21, P31 ¼ 4A11A31, and
P32 ¼ 4A21A31. Using m232 ¼ m231  m221, we rewrite
Eq. (7) in a form that is more transparent for discussing the
MH question [22], which reads
Pee ¼ 1

ðP21 þ cos ð2x31ÞP32Þsin 2x21
þ ðP31 þ P32Þsin 2x31
 1
2
P32 sin ð2x21Þ sin ð2x31Þ

; (8)
where the last term is sensitive to the sign of x31 and
potentially provides a handle on the MH [39]. To the
approximation we are working in the NSI formalism,
Eqs. (5) and (6) lead to the identifications
A11 ¼ c213c212  c13 sin ð212Þc23K
 c212 sin ð213Þc23Kþ; (9)
A21 ¼ c213s212 þ c13 sin ð212Þc23K
 s212 sin ð213Þc23Kþ; (10)
A31 ¼ s213 þ sin ð213Þc23Kþ; (11)
with the conventions for the standard mixing model (SMM)
parameters c12  cos ð12Þ, etc., as defined in Ref. [40]. It is
evident from Eqs. (9)–(11) that there are effectively two
NSI parameters in the problem, which we have defined in
terms of Ke, Ke, and mixing parameters and 	, the
standard mixing CP-violating phase, as [41]
c23Kþ  jKejcos ð	þeÞs23þ jKejcos ð	þeÞc23;
(12)
c23K  jKej cosec23  jKej coses23: (13)
We will write expressions in terms of these two parameters
from now on, factoring out c23 for convenience. This makes
explicit the reduction of the overall strength of the NSI term
by a factor c23 ’ s23 ’ 1=p2. The coefficients that appear
in Eqs. (7) and (8), namely, P21, P31, and P32 are then given
at first order in the K parameters by the expressions
P21 ¼ sin 2ð212Þc413 þ 4c313 sin ð212Þ cos ð212Þc23K
 4c313s13sin 2ð212Þc23Kþ; (14)
P31 ¼ sin 2ð213Þc212  4s213c13 sin ð212Þc23K
þ 4c212 cos ð213Þ sin ð213Þc23Kþ; (15)
and
P32 ¼ sin 2ð213Þs212 þ 4s213c13 sin ð212Þc23K
þ 4s212 cos ð213Þ sin ð213Þc23Kþ: (16)
Taking the parameters Ke and Ke one at a time, com-
monly done in setting NSI bounds, costs little generality.
Kþ and K are still independent of each other, because Kþ
depends on the real part of Ke, the imaginary part of Ke,
and the standard mixing phase 	, whileK depends only on
the real part of Ke and similarly for Ke. The only loss is
the possibility of enhancements or cancellations that could
allow a larger range of possible values than the quoted
one-at-a-time bounds in the literature [10].
III. COMBINING NSI EFFECTS IN SHORT- AND
MEDIUM-BASELINE EXPERIMENTS
A. NSI and the short-baseline reactor neutrino
determination of sin 2ð213Þeff ¼ P31 þ P32
In this case, the term proportional to sin 2ðx31Þ in the
final form of Eq. (8) dominates the contributions to the
short-baseline Double Chooz, Daya Bay, and RENO ex-
periments. Corrections from x21 ¼ m221L=4E are much
smaller than the experimental errors, so to an excellent
approximation, the transition probability including the NSI
effects reads
Pee ¼ 1 sin 2

m231
L
4E

ðP31 þ P32Þ
¼ 1 sin 2

m231
L
4E

½sin 2ð213Þ
þ 4 cos ð213Þ sin ð213Þc23Kþ; (17)
where the angles 13 and 23 are the parametrization angles
in the commonly used form of the neutrino mixing matrix
[40], and Kþ is defined in Eq. (12). Only the leading-order
terms in the K’s are kept in Eq. (17), since the flavor
violating coefficients are constrained by experimental
searches to be of order 0.05 or less [10]. The fits to the
data by the Double Chooz, Daya Bay, and RENO experi-
ments essentially determine the value of the coefficient of
sin 2ðm231 L2EÞ, which in the standard neutrino mixing pic-
ture is simply sin 2ð213Þ. When the NSI are included, the
measured coefficient of sin 2ðm231L=4EÞ determines the
whole expression in brackets in Eq. (17). For example,
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using the Daya Bay value sin 2ð213Þeff ¼ 0:089 0:011
[4], we have
sin 2ð213Þeff  sin 2ð213Þ þ 4 cos ð213Þ sin ð213Þc23Kþ
¼ 0:089 0:011 (18)
in our linear approximation [42]. In Fig. 1, we show the
curve with corresponding upper and lower 90% confidence
level (C.L.) uncertainties of values in the (Kþ, sin 2ð213Þ)
plane that satisfy the constraint in the interval 0:04<
Kþ < 0:04. Not all of the parameter ranges quoted in
Ref. [10] are covered in this interval if one allows for
maximal constructive coherence among the parameters
stretching the interval to roughly 0:1<Kþ < 0:1, but
it is safely within the region where a linear NSI approxi-
mation is reliable.
For this application, the effective NSI factor is
Kþ ¼ jKej cos ðe þ 	Þ þ jKej cos ðe þ 	ÞÞ, where
we have assumed maximal mixing in the ‘‘23’’ sector,
s23 ¼ c23 ¼ 0:717 [43]. As is known [9], with the same
NSI at source and detector, as in our treatment, the NSI
produce an overall shift in the coefficient of the dominant
sin 2ðx31Þ oscillation factor in Pee. This establishes a strong
correlation between the value of sin 2ð213Þ and the value
of the NSI parameter Kþ, a point that will be reiterated in
our study of the sensitivity of medium-baseline oscillations
to the hierarchy question. To resolve Kþ to find evidence
for the NSI requires a combined analysis with an indepen-
dent precision measurement of sin 2ð213Þ involving differ-
ent physics from the physics of reactor e disappearance.
As remarked in Ref. [8], this role is played by accelerator
neutrino appearance experiments, a role which can be filled
by the ongoing T2K [6] and MINOS [5] experiments,
upcoming experiments such as NOvA [44], and future
experiments at a neutrino factory [45].
B. Short-baseline NSI constraint and medium-baseline
determination of P21 and P32
As the length of the baseline L is increased in the oscil-
lation factor arguments x21 and x31, the first and third terms
in the brackets in Eq. (8) play the primary role in determin-
ing the fraction of es surviving at distance L from the
source. The first term’s P21 coefficient controls the ‘‘slow’’
oscillations with energy at a fixed baseline, while the third
term’s coefficient P32 controls the ‘‘fast’’ oscillations.
Solving Eq. (18) for sin 2ð213Þ in terms ofKþ, as illustrated
in Fig. 1, we can write the xij-independent factors in the
probability for e disappearance, Eq. (8), completely in
terms of the NSI parameters Kþ and K and the standard
mixing angles 12 and 23. Alternatively, we can eliminate
Kþ in terms of 13 and 23, as we do in Sec. III B 2 below.
First we take a look at the overall spectral behavior and then
turn to a quick survey of the rapid oscillations that contain
the information about the MH.
1. Study of a modeled medium-baseline reactor neutrino
experiment and the influence of NSI effects
Here we follow several recent explorations of the pros-
pects for MH determination within the standard model
extended by mixed massive neutrinos. The favored base-
lines are in the neighborhood of 30–60 km [16,21,22]. As
in Ref. [22], we adopt the neutrino flux model of Ref. [46],
the Gaussian energy resolution smearing model of
Ref. [22], the cross section of Ref. [47], and the general
approach of Ref. [22]. The observed neutrino energy dis-
tribution for an experiment with a 20 GW thermal power, a
detector of 5 kton fiducial volume, and 12% weight frac-
tion of free protons with total number of free protons Np
and 5 yr of exposure time T can be written as
dN
dE
ðEÞ ¼
NpT
4
L2
Z Emax
Eth
dE
dN
dE
PeeðL; E;Kþ; KÞ
 IBDðEÞGðE EÞ: (19)
Here, Eth ¼ mn mp þme, the threshold energy, dNdE is the
rate of the neutrino emission from the reactor per MeV, Pee
is defined in Eqs. (8) and (14)–(16), IBD is the total cross
section for inverse beta decay, and GðE EÞ is the
Gaussian smearing function that takes into account the
response of the detector to the deposited energy,
GðEE0;Eða;bÞÞ ¼ 1ﬃﬃﬃﬃﬃﬃ
2

p
Eða;bÞ
exp

 ðEE
0Þ2
2ðEða;bÞÞ2

:
(20)
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FIG. 1 (color online). The Daya Bay result for sin 2ð213Þeff
and its 1 uncertainties [4] are used to constrain the ranges of
the parameters sin 2ð213Þ and the NSI parameter Kþ in Eq. (17).
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The uncertainty Eða; bÞ in the energy E is parametrized
in terms of a statistical parameter a and a systematic
parameter b as
Eða; bÞ ¼ E

a2
E
þ b2

1=2
; (21)
where energy is in MeV, and the first term under the square
root represents the statistical uncertainty in the energy
deposited in the detector, and the second represents the
systematic energy scale uncertainty.
Computing the energy spectrum expected in the model
described, we show the results at a baseline of 50 km with
perfect detector response (no smearing) in Fig. 2. Table I
displays values and their uncertainties for the relevant
input parameters.
The left plot shows variation of the spectrum with
central values of all input parameters and different NSI
parameter choices. NH curves are shown in blue, IH in red.
When x21 ¼ 
=2 at E  3 GeV, the maximum and zero
in the factors sin 2ðx21Þ and sin ð2x21Þ, respectively, are
evident in the figure. The right plot shows the variation
of the spectrum with no NSI, and from top to bottom,
sin 2ð212Þ at its central value minus 1, its central value
and its central value plus 1. The middle curves on the left
and right are the same, of course, and are included for
reference [49]. As we discuss in the following subsection,
the ordering is expected since the survival probability is
smallest, and the rates of detection are smallest when the
‘‘oscillation term,’’ which represents transitions into other
flavors, is largest within a given range of parameter space.
The parameter choice that makes the MH-sensitive term,
P32, largest also makes the overall oscillation term in
Eq. (17) take its largest value and makes the survival rate
the smallest. For illustration, we have chosen NSI magni-
tudes that are about as large as allowed by the current
experimental constraints on NSI parameters when taken
one at a time.
In Fig. 3, we show the same cases but with energy uncer-
tainty fractions a ¼ 6% and b ¼ 0. Within this range of NSI
possibilities, it is clear that the effects on the spectrum can be
large and mimic those of the uncertainty in the value of
sin 2ð212Þ. If the value of sin 2ð212Þ could be determined
with high precision from solar neutrino data, for example,
then a combined analysis with the medium-baseline spec-
trum could disentangle the input uncertainties and the NSI
and provide a sensitive probe of the NSI parameters K. In
Sec. IV, we show in another way that within the current
uncertainties in sin 2ð212Þ, there is a degeneracy between
K and sin 2ð212Þ in interpreting medium-baseline data, as
one can see in the expression for P21 in Eq. (14), the
dominant coefficient of sin 2x21. Changes in the value of
sin 2ð212Þ can be compensated by changes in K, for
example. In terms of Figs. 2 and 3, one finds that the
left and right plots are essentially identical if one chooses
jKþj ¼ jKj ¼ 0:024 and the central value of sin 2ð212Þ
for the left plot. We will return to this issue in Sec. IV.
In Fig. 4, we show the envelopes of all the spectra
possible within the parameter ranges for jKþj, jKj and
sin 2ð212Þ. It is clear that there is a wide range of possible
spectra beyond that expected from the uncertainty in the
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FIG. 2 (color online). The predicted rates of events with a 50 km baseline for the medium baseline setup described in the text
with perfect detector energy response, a ¼ b ¼ 0. E is in MeV and dN=dE is in inverse MeV. The left plot shows variation of
the spectrum with central values of all parameters and different NSI choices. From top to bottom: Kþ ¼ 0:04 ¼ K, where P32
is minimal, Kþ ¼ 0 ¼ K, no NSI, and Kþ ¼ 0:04 and K ¼ þ0:04, where P32 is maximal. NH curves are shown in blue
(darker lines), IH in red (lighter lines). The right plot shows the variation of the spectrum with no NSI and sin 2ð212Þ ranging within its
1 uncertainty. The middle curves on the left and right are the same.
TABLE I. Values of relevant input parameters. The values marked with asterisks are the ones
used in the numerical work to illustrate the ideas and make estimates.
sin 2ð212Þ sin 2ð213Þ m221 m231
0:857 0:024 [27,40] 0:089 0:011 [2] ð7:50 0:20Þ105 [40] ð2:32 0:10Þ103 [40]
0:869þ0:0310:037 [48]
0:845þ0:0660:071 [27]
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input values of the mixing angles when the NSI effects are
included.
The differences in the overall rates are much larger in
Figs. 2 and 3 than the purely statistical fluctuations in count-
ing estimated by the square root of the event numbers, even
with the energy smearing. This fact is behind the expectation
of highly improved precision in determination of the coeffi-
cient of sin 2x21 [22], P21, sin
2ð212Þ in the SMM. The
primary effect of the smearing is to reduce the distinction
betweenNH and IH expected spectra, as studied in Ref. [22].
We show this in a different more direct way in Fig. 5.
Taking the difference between the NH rate prediction
and the IH prediction gives a clearer picture of the dis-
tinction between the two possibilities. In Fig. 5, the left
panel shows the difference between the NH and IH pre-
dictions as a function of energy with a baseline of 50 km
when the resolution is perfect. For this ideal situation, the
distinction between the NH and IH predictions is clear in
the maximal and no NSI cases but marginal in the minimal
case. When the uncertainty in the energy resolution is 6%
and the energy scale error is 0, the distinctions are marginal
at best in the maximal case and insufficient in the other
cases. In Ref. [22], this case was made in detail for the
SMM, where the authors concluded that a resolution of
better than 3% would be necessary at the optimal baseline
to resolve the hierarchy in a reasonable time. In the right
panel of Fig. 5, we show the plot of the difference between
NH and IH rates as a function of energy at a 50 km baseline
with a 6% statistical energy resolution uncertainty and no
statistical uncertainty as modeled by the Gaussian smear-
ing function. As shown in the figure, the NSI can cause a
shift of up to 12% in the sensitivity of the spectrum to the
MH. With no NSI but allowing for a 1 variation in the
value of sin 2ð213Þ, the results look nearly the same as
shown in Fig. 5 reflecting the 12% uncertainty in
sin 2ð213Þeff . When the anticipated 4% goal for the uncer-
tainty in sin 2ð213Þeff is reached, the sensitivity to NSI
effects will be, correspondingly, enhanced by a factor of
3. The uncertainty in sin 2ð212Þ allows a shift of about 3%.
2. The influence of the NSI parametersKþ andK on the
factors P21 and P32 in the disappearance probability
The coefficient that controls the scale of long oscillation
length behavior of the disappearance probability is P21,
which has the signature feature that it is independent of the
NSI parameter Kþ to a high degree of accuracy. Over the
range 0:04  Kþ  0:04, the change in P21 for any
choice of K in the same range is at most 0.1%, typically
100 times smaller than the change due to K over this
range. To see how this happens, it is helpful to use Eq. (18)
to eliminate Kþ and rewrite Eq. (14) in the form
P21 ¼ sin 2ð212Þc413


1 4 tan13 ðsin
2ð213Þeff  sin 2ð213ÞÞ
sin ð213Þ cos ð213Þ

þ 4c313 sin ð212Þ cos ð212Þc23K: (22)
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FIG. 3 (color online). The predicted rates of events with a 50 km baseline for the medium baseline setup described in the text with
a ¼ 6% and b ¼ 0 uncertainties in the detector energy response. E is in MeV and dN=dE is in inverse MeV. The left plot shows
variation of the spectrum with central values of all input parameters and different NSI choices: top to bottom are Kþ ¼ K ¼ 0:04,
Kþ ¼ K ¼ 0, Kþ ¼ 0:04, and K ¼ þ0:04. NH curves are shown in blue (darker lines), IH in red (lighter lines). The right plot
shows the variation of the spectrum with no NSI and sin 2ð212Þ ranging within its 1 uncertainty. The middle curves on the left and
right are the same.
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FIG. 4 (color online). Allowing our full range values for the
NSI parameters jK þ j and jKj and the mixing angle 12, we
find the outer envelope of spectral curves indicated in the figure.
The envelope of curves expected just from the 1 variation of
12 is shown inside the full envelope. E is in MeVand dN=dE
is in inverse MeV.
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The factor c413 multiplying sin
2ð212Þ in the first term
increases monotonically as sin 2ð213Þ decreases from its
maximum value to its minimum value, while the factor in
the large parentheses decreases monotonically. The two
effects compensate each other to high accuracy. The whole
first term is of order 1. The coefficient of K in the second
term increases monotonically by 2% over the same range.
The magnitude of the coefficient is close to 1, so the size of
the second term relative to the first is determined by K,
which ranges between 0:04 and þ0:04. The net effect is
that P21 varies by at most 0.1%with0:04<Kþ <þ0:04
for any chosen values of K and the input values of mixing
angles within their uncertainties.
The dependence of the MH-sensitive coefficient P32 on
the NSI parameters can be substantial [50]. The value of
P32 largely controls the possibility of determining the sign
of the last term in Eq. (8), and, therefore, whetherm3 >m1
(NH) or m1 >m3 (IH). The effects of new flavor violating
interactions on P32 increase as Kþ decreases, which cor-
responds to increasing values of sin 2ð213Þ shown in
Fig. 1. The smallest values of P32 occur at the smallest
values of Kþ and K. For example, at ð0:05;0:05Þ,
1
2P32 ¼ 0:0115, while at ð0:05;þ0:05Þ, 12P32 ¼ 0:0165.
To understand the dependence of P32 on the ðKþ; KÞ
parameters, again it is helpful to use the definition of
sin 2ð213Þeff in Eq. (18) to rewrite P32 in an equivalent
form as
P32 ¼ s212sin 2ð213Þeff þ 4s213c13 sin ð212Þc23K; (23)
in which P32 has no explicit dependence on Kþ. Through
the constraint Eq. (18), P32 has implicit dependence on Kþ
via the factor s213c13 in the coefficient of K. For fixed Kþ,
the value of P32 is linearly dependent onK with a positive
coefficient. Because of the constraint imposed by Eq. (18),
sin ð13Þ decreases as Kþ increases, which decreases the
coefficient of K, and conversely when Kþ decreases. In
short, P32 increases as Kþ grows when K < 0 and de-
creases asKþ grows whenK > 0, though the dependence
is weak compared to the dependence on K.
The upshot is that our parametrization in terms of K
andKþ has the good feature that we can choose to write the
coefficients P21 and P32 with only K involved explicitly
in the NSI effects on overall spectrum shape and, as we
argue below, in the sensitivity, or not, of the MH to NSI.
The parameter Kþ plays an indirect role through its rela-
tionship with the measured sin 2ð213Þeff and the mixing
angle 13, Eq. (18). The weak dependence on sin
2ð213Þ is
transparent and makes the minor role of Kþ easier to
understand.
A general feature of P32, the ‘‘contrast coefficient’’
between the NH and IH rate values, is that for all positive
values of K, the differences between the NH and IH rates
are larger than those for standard mixing and the overall
rates are smaller, while the opposite is true for all negative
values of K. When K ¼ 0, there is a degeneracy that is
almost complete, given an input value of sin 2ð223Þeff ,
Eq. (18), PNSI32 ¼ PSMM32 and PNSI31 ¼ PSMM31 , and PNSI21 
PSMM21 	 1 for all values of Kþ within current experimen-
tal bounds. Only for values of K  0 can the presence of
NSI be detected with any confidence. How large must K
be for its detection to be possible? We address this question
in the following section.
IV. STATISTICAL SENSITIVITY OF THE
SPECTRUM TO THE NSI PARAMETERS
The discussion in Sec. III B 2 laid out the main features
of the NSI parameters’ influence on P21 and P32, where
the first controls the long oscillation length behavior of the
spectrum, and the second controls the contrast between the
NH and IH short oscillation length behaviors of the spec-
trum. The examples shown in Figs. 2–5 are chosen with
values of the NSI parameters suggested by the individual
parameter bounds [10] in order to make the effects visually
clear. In this section, we make the pictures more quantita-
tive by using simple 2 estimates of the deviation from the
SMM when NSI effects are included, while illustrating the
interplay with the input parameter uncertainties by letting
key inputs range over their one standard deviation values.
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FIG. 5 (color online). The predicted difference between rates of NH and IH events as a function of energy with a 50 km baseline for
the medium baseline setup described in the text. E is in MeVand dN=dE is in inverse MeV. The left panel shows the result with no
uncertainty in the detector energy resolution and energy scale, and the right shows the result with 6% uncertainty in the detector energy
resolution. From top to bottom: Kþ ¼ 0:04 and K ¼ þ0:04, where P32 is maximal, Kþ ¼ 0 ¼ K, no NSI, and Kþ ¼ 0:04 ¼
K, where P32 is minimal. Input parameters are set at their central values. Note the difference in scale between the two plots.
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A. Fitting SMM ‘‘data’’ with NSI fit function
and sin 2ð212Þ ‘‘pull’’
As an estimator, we adopt the ‘‘no NSI,’’ or SMM,
values for the spectrum as data and the square root of the
number of predicted events as the statistical uncertainty.
Using the same points spaced at intervals of 0.01 MeV
from which Figs. 2–5 were made, but with the smearing
parameters chosen as a ¼ 0:03% and b ¼ 0, we compute
2 ¼ i
0
@ dNdE NSI  dNdE SMMp dN
dE
SMM
1
A2
i
ðEÞi: (24)
Input parameters are fixed at central values for dN
SMM
dE
, while
one or more are allowed to vary over their 1 ranges for
dNNSI
dE
. Because 2 ¼ 0, its minimum, when NSI parameters
are zero and the input parameters are at their central value,
the value of 2  2  2min is the same as 2, up to a
pull ‘‘penalty’’ term that contributes to the 2 value for
each input parameter that is varied away from its central
value.
Since the spectrum shape at a given medium-baseline
value is controlled bym221, and sin
2ð212Þ determines the
scale of the oscillations, we do a statistical analysis allow-
ing the latter to vary away from its central value of
hsin 2ð212Þi ¼ 0:857 in the NSI fit function, while the
SMM ‘‘data’’ have their input parameters fixed at their
central values. There is an implicit additive ‘‘pull’’ term
ððsin 2ð212Þ  hsin 2ð212ÞiÞ=12Þ2 in Eq. (24). In practice,
we search for a minimum in 2 withK andKþ for a range
of values of sin 2ð212Þ chosen simply for illustration to be
within its quoted 1 uncertainty range, 12 ¼ 0:024.
Graphically, we show the example of the results when
Kþ ¼ 0 and sin 2ð212Þ ¼ 0:857 in Fig. 6 and the example
when sin 2ð212Þ ¼ hsin 2ð212Þi þ 12 ¼ 0:881 in Fig. 7.
The landscapes of 2 values in the ðKþ; KÞ plane are all
similar to that shown in Fig. 8 for the case where
sin 2ð212Þ ¼ 0:857, with a near degeneracy in Kþ along
fixed K values. Again, since P21 is independent of Kþ to
an excellent approximation, the dependence of 2, Eq. (24)
on the value of Kþ is negligible, and the results are
insensitive to the choice of energy uncertainty parameters.
In Fig. 6, overlaid is the plot of 2 versus 	sin 2ð212Þ, the
deviation from the central value, with Kþ ¼ K ¼ 0. The
two plots are degenerate to a fraction of a percent.
Modulo the 2 ¼ 1 penalty Fig. 7 shows that the fit is
essentially degenerate with the fit with 2 ¼ 0 at
sin 2ð212Þ ¼ 0:857, and with values of K are consistent
with current bounds on NSI and sin 2ð212Þ at the upper end
of its current 1 range. As one explores other values of
sin 2ð212Þ, the minimum of 2 moves to the left for larger
values or to the right and on into positive values of K for
smaller values of sin 2ð212Þ. This feature is a result of the
interplay between the two terms in Eq. (22), where in-
creases in sin 2ð212Þmust be compensated by decreases in
K to keep the minimum 2 at zero. Table II gives the
location in theK variable and values of the corresponding
minimum of 2 for selected values of sin 2ð212Þ in the
range 0:857 0:024. The parameter values are Kþ ¼ 0,
a ¼ 0:03, and b ¼ 0, and sin 2ð213Þeff ¼ 0:089, but the
fits have very little sensitivity to these choices. The penalty
term added to values 2 gives the weight against values of
sin 2ð212Þ away from the central value. This weighting
breaks the degeneracy between the variables sin 2ð212Þ
and K. It guarantees that values of K ‘‘hiding behind’’
sin 2ð212Þ become less and less likely as deviations from
the central value grow. The size of the values of K are
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FIG. 6 (color online). For Kþ and K ranging between 0:01
and þ0:01, we show the boundaries of the 90% C.L., the
99% C.L., and the 99.99% C.L. projected on a constant Kþ
plane. The high degree of degeneracy along the lines of fixed K
(see Fig. 8) shows that 2 is independent of Kþ to high
accuracy, and the problem reduces to one parameter. The energy
smearing and systematic parameters chosen for the plots are a ¼
0:03 and b ¼ 0, respectively, but the changes in the plot are
negligible when any values a  0:06 and b  0:01 are used.
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FIG. 7 (color online). The various C.L. limits for a fit to SMM
with NSI and sin 2ð212Þ ¼ 0:881. The other input parameters
are set at their current central values, and the energy uncertainty
parameters are a ¼ 0:03 and b ¼ 0, while Kþ ¼ 0 for the plot.
The results are not sensitive to these choices. For clarity of
display, the additive 2 ¼ 1 penalty is not included in the plot.
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thereby limited in the same measure as the digressions of
sin 2ð212Þ away from its central input value.
This exercise demonstrates that a confusion effect arises
in the analysis of medium-baseline experiments. A per-
fectly good fit to the data by the SMM with preferred input
parameters can be mimicked by a NSI fitting model with a
choice of sin 2ð212Þ that is different from the SMM data
choice, making the procedure of constraining input pa-
rameters by using the reactor neutrino data alone seriously
model dependent. However, the smaller the uncertainties in
the input parameter sin 2ð212Þ that are determined from
other independent experiments with different physics at the
detector and combined with the medium-baseline reactor
analysis, the smaller the allowed range of values of NSI
parameters from zero. The combined data become more
sensitive to the presence of NSI. In the example above, the
values of jKj 
 0:026 are ruled out at 1. With the
conventional 1 degree of freedom connection between
the C.L. and 2, jKj 
 0:04 is ruled out at the
90% C.L., which is essentially the same as the currently
available bounds. Improvements in uncertainty in
sin 2ð212Þ in future experiments like SNOþ [51] and
Hyper-Kamiokande [52] will improve the sensitivity of
medium-baseline reactor experiments to the K parameter
by the same factor as the improvement in input parameter
precision.
As pointed out earlier, whether the distinction between
the NH and IH cases is stronger or weaker when NSI are
present than it is in the SMM case depends upon the sign of
K. This gives another handle on the detailed dependence
on K and Kþ, and we investigate the sensitivity of the
MH determination from medium-baseline data to these
parameters.
V. NH VERSUS IH AS A FUNCTION OF THE NSI
PARAMETERS Kþ AND K
Our measure of the distinction between the spectrum
expected in the NH mass splitting case versus the spectrum
in the IH case is in the form of a 2 that assumes data given
by one case and the fit attempted with the other [22].
Statistical and systematic uncertainties, as well as uncer-
tainties of the input parameters, will blur the contrast
between the two MH possibilities. Assuming that the IH
is the data, for example, we write the corresponding 2 as
2MH ¼ Ni¼1
0
@ dNdE NH  dNdE IHp dN
dE
IH
1
A2
i
ðEÞi; (25)
where ðEÞi is the width of the ith energy bin. It is
understood that the NH and IH rates depend on the NSI
parameters Kþ and K (which can be taken as zero to
regain the standard mixing result) as well as the standard
three-neutrino mixing angles ij, mass-squared differences
m221 andm
2
31, and the baseline L. Again, the summation
is over the ‘‘data bins,’’ which we take every 0.01 MeV
between 1.8 and 8 MeV. Using Eq. (25), we look at the
effects of varying the NSI parameters, effectively margin-
alizing only over the range of input parameter values,
m231, which has the only significant impact on the value
of 2, as pointed out in Ref. [22].
In Fig. 9, we show the 2MH landscape produced by
Eq. (25) for the valuem231 ¼ 2:343 103, where2MH
takes its minimum value when NSI are not present. The
figure is normalized by 2MH for K ¼ Kþ ¼ 0, the
SMM case. The baseline is 50 km, central values are
chosen for all input parameters except m231, and the
energy uncertainty parameters are taken for illustration to
TABLE II. At selected values of sin 2ð212Þ within its 1 range, we list the values of the variable K at the minimum 2, with its
value, for the test of the NSI NH fit to SMM data with central values for all its input parameters. The bottom row lists the value of the
additive penalty term ððsin 2ð212Þ  0:857Þ=0:024Þ2 understood in the 2 definition, Eq. (24). Energy detection statistical and
systematic error parameters are chosen at a ¼ 0:03 and b ¼ 0.
sin 2ð212Þ 0.881 0.873 0.865 0.857 0.849 0.841 0.833
Kjmin 0:0259 0:0168 0:0082 0.0 0.0078 0.0153 0.0225
2min 2 104 3 105 5 105 0.0 2 105 2 105 8 105
Penalty 1.0 0.44 0.11 0.0 0.11 0.44 1.0
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FIG. 8 (color online). For Kþ and K ranging between 0:01
andþ0:01 and the special case where all input parameters are set
to their central values for dN
NSI
dE
, we show the values of 2 as
computed in Eq. (24). The degeneracy along the line K ¼ 0 is
obvious.
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be a ¼ 0:03 and b ¼ 0, which are among the values ex-
plored in Ref. [22]. The study presented here is the most
straightforward generalization to NSI of their analysis. As
explained in Sec. III B 2, for any value of m231, the small-
est difference between NH and IH should occur where P32
is smallest and the largest difference should occur where
P32 is largest. This is qualitatively reflected in the behavior
shown in Fig. 9. The features of the plots as they depend on
Kþ and K are explained in detail in Sec. III B 2. For any
value of Kþ, the sensitivity to the MH as measured by 2
is greater in the presence of NSI if K > 0 and less if
K < 0. When K < 0, the dependence on Kþ is very
weak, it is completely negligible when K ¼ 0, and be-
comes somewhat stronger when K > 0. For convenience,
in Fig. 9 we use the common value m231 ¼ ð2:32þ
0:023 ¼ 2:343Þ  103 eV2, the value at the minimum
when NSI are zero, for all the points. In fact, the minimum
value of 2 shows some dependence on Kþ and K,
though the qualitative features of the landscape shown in
the figure do not change.
One can make a correspondence between the2 values
at fixed a ¼ 0:03 and b ¼ 0 energy uncertainties while
NSI parameters Kþ and K vary, and the values that 2
takes on in the Kþ ¼ K ¼ 0 SMM case while a and b
vary. For example, with Kþ in the range from 0.0 to 0.02,
K ¼ 0:04 and a ¼ 0:03 and b ¼ 0, the 2 ’ 6:2 is
about the same as the IH 2min value for a ¼ 0:02, b ¼
0:01 at 50 km in Fig. 7 of Ref. [22] compared to the 2 ’
3:5 shown in Fig. 6 of Ref. [22] for a ¼ 0:03 and b ¼ 0.
This improved sensitivity is driven by the positive value of
K, as indicated in our Fig. 9. Conversely, as K takes on
negative values, the sensitivity is degraded. Combined with
hints of NSI in fits to the event spectrum or hints from other
independent experiments, an anomalously low or high
sensitivity to the MH may indicate that NSI are at work.
We do not pursue this in detail here, since our limited
goal is to identify points where planned medium-baseline
reactor neutrino precision experiments can be sensitive to
NSI and points where NSI mimic the effects of uncertain-
ties in the value of input parameters. The latter degener-
acies make the precision determination of the MH and of
SMM parameters model dependent.
VI. SUMMARYAND CONCLUSIONS
Current limits on NSI parameters are tight enough and
the recently measured value of reactor e disappearance
probability is large enough that NSI effects can be ana-
lyzed transparently at leading order in the parameters. In
this framework, we identified two effective NSI parameters
that play a role in short- and medium-baseline neutrino
disappearance analysis, Kþ and K, which are combina-
tions of the complex flavor violating NSI coefficients and,
in the case ofKþ, the standard mixing matrix CP-violating
phase 	. The short-baseline experiments [1–3] constrain a
combination of sin 2ð213Þ and Kþ, and we used this con-
straint as an essential input to our analysis of consequences
for medium-baseline e disappearance experiments that
are in the planning stage aimed at determining the neutrino
MH and the precision measurement of mixing angles and
magnitudes of mass-squared differences.
In Sec. III A we outlined the constraint linking Kþ and
sin 2ð213Þ, essentially reducing the analysis of the
medium-baseline experiments to a two-parameter prob-
lem, either Kþ and K or sin 2ð213Þ and K. The con-
straint is shown in Fig. 1. In Sec. III B, we showed that
the event rate spectra at a fixed baseline, 50 km being the
default value throughout our analysis, are sensitive to the
NSI parameters for given fixed values of sin 2ð212Þ and
sin 2ð213Þ, even with generous energy uncertainties al-
lowed. When sin 2ð212Þ was varied within its 1 range
with no NSI present, we found the effects were mimicked
by NSI parameters varied in the same range while
sin 2ð212Þ was held fixed at its central value, Figs. 2 and
3. Outside this range, the variation in NSI starts to show up,
as we show in Fig. 4. This degeneracy was then explored
further in Sec. IV. In Sec. III B 2, the long oscillation length
term sensitive to the probability factor P21 was determined
to depend only on sin 2ð212Þ and K, the dependence on
Kþ being entirely negligible, simplifying the statistical
analysis in Sec. IV. The short oscillation length MH-
sensitive term is controlled by the probability factor P32,
which we showed depends linearly on K, with a coeffi-
cient that depends only weakly on Kþ through its con-
straint with sin 2ð213Þ. The impact of NSI is not as
dramatic on the MH-sensitive terms as on the scale of the
rate spectrum, as indicated by comparing Fig. 3, left panel
and Fig. 5, right panel. Nonetheless, with sufficient
statistics and reduction of systematic uncertainties, the
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FIG. 9 (color online). For Kþ and K ranging between 0:04
and þ0:04, we show the values of 2MHðKþ; KÞ=2MHð0; 0Þ
at the value ofm231 where 
2
MH is a minimum. The case where
IH is assumed to be the data, as computed in Eq. (25), is used for
the figure.
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distinction can be made [22]. However, the effect of the
NSI is degenerate with variation in sin 2ð213Þeff , empha-
sizing the need for precision determination of sin 2ð213Þ
independent of reactor neutrino experiments [29].
Following up on these considerations in Sec. IVA, we
varied the value of sin 2ð212Þ within its 1 range in the
NSI fit function, while adopting as data the SMM with
central values of input parameters. Modulo the pull term,
which penalizes the fit by one unit of 2 at 1, four units at
2, and so forth, we found a continuum of very nearly
degenerate 2 minima with values typically of the order
104 to 105. The spread in K values at the minima is
roughly from0:025 toþ0:025 as sin 2ð212Þ runs over its
1 uncertainty, 0:857 0:024. The effects of varying
other parameters were negligible. The bounds on the K
parameter follow the bounds on the input uncertainties in
sin 2ð212Þ quite closely. This observation has important
consequences: the tighter the input uncertainties, the
higher the sensitivity to the NSI parameterK, so doubling
the precision doubles the sensitivity to NSI parameters.
Finally, in Sec. V we investigated the influence of NSI
on the statistical discrimination between NH and IH in
medium-baseline experiments. Generalizing the pattern
of analysis of Ref. [22], we showed that for a given
statistical and systematic energy determination uncertain-
ties, the allowed NSI parameter ranges can either enhance
or suppress the sensitivity expectations based on the
SMM analysis. Improved independent determination of
sin 2ð213Þ can improve the sensitivity to NSI parameter
K in the MH determination in medium-baseline experi-
ments, as remarked in Sec. III B 1. Moreover, it can provide
sensitivity to the parameter Kþ in the short-baseline
experiments.
We conclude that the planned medium-baseline reactor
neutrino experiments to determine the MH and to make
precision measurements of neutrino parameters are also
good probes of NSI as the measurements of sin 2ð212Þ and
sin 2ð213Þ in independent experiments such as SNOþ
[51], Hyper-Kamiokande [52], and T2K [6,53] become
more precise. This will enable one to restrict the degener-
acies pointed out in Secs. III and IVand increase sensitivity
to NSI [29]. In particular, the overall spectrum statistics
provide a method for detecting the presence of NSI at
levels below those available in the literature. This diagnos-
tic is not sensitive to the sign of the relevant parameter. If
there is evidence from the gross spectral features that NSI
are present, the short oscillation length pattern that reveals
the MH also provides additional information on its sign,
which determines whether the MH signal is suppressed or
enhanced.
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We investigate nonstandard interaction effects in antineutrino-electron scattering experiments with
baselines short enough to ignore standard oscillation phenomena. The setup is free of ambiguities from the
interference between new physics and oscillation effects and is sensitive to both semileptonic new physics
at the source and purely leptonic new physics in the weak interaction scattering at the detector. We draw on
the TEXONO experiment as the model system, extending its analysis of nonstandard interaction effects at
the detector to include the generally allowed nonstandard interaction phase at the detector and both
nonuniversal and flavor-changing new physics at the reactor source. We confirm that the current data allows
for new physics constraints at the detector of the same order as those currently published, but we find that
constraints on the source new physics are at least an order of magnitude weaker. The new physics phase
effects are at the 5% level, noticeable in the 90% C.L. contour plots but not significantly affecting the
conclusions. Based on projected increase in sensitivity with an upgraded TEXONO experiment, we
estimate the improvement of sensitivity to both source and detector nonstandard interactions. We find that
the bounds on source parameters improve by an order of magnitude, but do not reach parameter space
beyond current limits. On the other hand, the detector new physics sensitivity would push current limits by
factors of 5 to 10 smaller.
DOI: 10.1103/PhysRevD.90.053008 PACS numbers: 13.15.+g, 14.60.St, 14.60.Pq
I. INTRODUCTION
In the past several years, reactor neutrino experiments
[1–3] and long baseline accelerator experiments [4,5] have
produced important advances in our understanding of
neutrino mixing by measuring the key mixing parameter
θ13 by two completely independent processes. The reactor
experiments measure ν¯e disappearance in the flux of ν¯es,
indicating oscillation into other neutrino flavors during
the one or two kilometer trip from reactor core to detector.
The accelerator experiment measures the appearance of a νe
component in the νμ beam from an accelerator during the
hundreds of kilometers trip from the accelerator laboratory
to the detection site. Together, the results already constrain
the CP-violating phase angle in the mixing matrix [4,5].
Moreover, the data provide a potentially powerful probe of
nonstandard interactions (NSIs) [6] in the neutrino sector
involving some combination of neutrino source, propaga-
tion, and detection [9–11].
In this paper, we explore the constraints on semileptonic,
charged-current (CC), nonuniversal (NU) and flavor-
changing (FC) NSI parameters and likewise for both NU
and FC purely leptonic NSI parameters. The former appear
in effective Lagrangians for neutrino production from
reactors and from accelerators and for neutrino detection
by inverse beta decay. The latter appear in neutrino
production from muon decay and from neutrino detection
by ν − e or ν¯ − e scattering. We will focus on the case
of a very short baseline reactor ν¯e source and detection of
the recoil electron from ν¯e þ e → ν¯e þ e scattering at the
detector. We rely heavily on the example provided by the
TEXONO experiment [12,13], which measures the recoil
electron spectrum from reactor antineutrinos interacting
with electrons in a CsI(Tl) detector. The baseline is less
than 30 m, and the oscillation of the beam can be ignored,
thus providing an especially clean test of FC “wrong
flavor” ν¯μ or ν¯τ or NU “right flavor” ν¯e from the semi-
leptonic nuclear decays in the reactor. Baselines this short
avoid the degeneracies between NSI parameters and
standard neutrino mixing parameters that occur in the
analysis of data from reactor experiments with kilometer
[1–3] or tens of kilometer baselines [14], degeneracies that
are touched on in several recent studies [15–17].
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We extend work in Ref. [13] by incorporating the effects
of NSIs produced at the source and by including the phase
dependence of the FC NSIs at the detector using the data
from Texono’s experiment. In Ref. [13], only the NSIs at
the detector in the single channel of ν¯e − e scattering are
considered. With NSIs at the source, there is a modification
of the ν¯e component and an addition of ν¯μ and ν¯τ compo-
nents, so ν¯μ − e scattering and ν¯τ − e scattering must be
incorporated by including NSIs in the elastic, purely neutral
current (NC), ν¯μ − e and ν¯τ − e cross sections, applicable
for analyzing data from any short baseline neutrino scatter-
ing experiment where the oscillation effects are ignorable.
Our “no NSI propagation effects” study complements those
that probe NSIs with solar neutrino, accelerator neutrino,
and other reactor neutrino experiments, which involve
different combinations of NSIs at source, propagation,
and detection effects [18–24].
In Secs. II, III, and IV, we define our notation, specify
our cross sections, and define the flux factors that go with
each cross section to unify all the standard model (SM) plus
NSI contributions to the rate at source and detector in a
single framework. Our formalism allows us to make joint
confidence level (C.L.) contours with NSI parameters at
source and at detector or at source alone and at detector
alone. In Sec. IV, we apply this formalism to the TEXONO
data and check key results from Refs. [12] and [13], while
in Sec. V we apply the formalism to the modeled data based
on the realistically achievable sensitivity proposed for an
upgrade of the TEXONO experiment [25]. We recap and
conclude in Sec. VI. Appendix A briefly summarizes the
reactor flux and target density input to the recoil electron
spectrum in the TEXONO experiment. Appendix B pro-
vides a table summarizing relevant model independent NSI
parameter bounds from Ref. [11].
II. FORMALISM OF SOURCE
AND DETECTOR NSIs
A. NSIs effective Lagrangians at source and detector
In the problem we address here, the source of antineu-
trinos is the semileptonic, CC decays of reactor nuclei. At
the level of the quark content of the nucleons, the transition
d→ uþ eþ ν¯ provides the antineutrinos for the elastic
ν¯ − e scattering process at the detector. To allow for
lepton-flavor-violating decays at the source, we adopt
the semileptonic, CC, effective Lagrangian [15,26,27]
Ls¼−2
ﬃﬃﬃ
2
p
GFðδαβþKαβÞðl¯αγλPLUβaνaÞðd¯γλPLuÞ†þH:c:;
ð1Þ
where repeated flavor-basis indices “α” and “β” and
mass-basis indices “a” are summed over. We confine
ourselves to the left-handed quark helicity projection case
for simplicity. The inclusion of the right-handed terms adds
nothing essential to our discussion. Since we consider
neutrino-propagation baselines that are only a few tens of
meters and energies that are in the few MeV range,
oscillations play no role and we can effectively replace
Uβaν¯a → ν¯β in making the rate calculations we present
here. The complex coefficients Kαβ represent the relative
coupling strengths of the flavor combinations in the
presence of new physics, while in the SM, Kαβ ¼ 0.
To represent the NSI effects in the purely leptonic sector
[26–30] for the simplified elastic ν¯ − e scattering case of
interest, we write the effective Lagrangian as
Ll¼LlNUþLlFC
¼−2
ﬃﬃﬃ
2
p
GF
X
α
ðe¯γμð~gαRPRþð~gαLþ1ÞPLÞeÞðν¯αγμPLναÞ
−2
ﬃﬃﬃ
2
p
GF
X
α≠β
εePαβ ðe¯γλPeÞðν¯αγλPLνβÞ: ð2Þ
The first term in Eq. (2) is the NU case and the second term
is the FC case. The coefficients ~gαR and ~gαL are
~gαR ¼ sin2θw þ εeRαα and ~gαL ¼ sin2θw −
1
2
þ εeLαα : ð3Þ
Hermiticity ofLl requires that the NSI matrix of parameters
be Hermitian: ϵeR;Lαβ ¼ ðϵeR;Lβα Þ, so the FC NSI parameters
are complex in general. Adopting the commonly used “ε”
notation for the leptonic sector makes the distinction
between source (Ks) and detector (εs) clear. With the
effective Lagrangians defined, we are now ready to sum-
marize the cross sections and flux factors we need for the
study of the NSI effects at source and detector.
B. ν¯e − e, ν¯μ − e and ν¯τ − e differential scattering
cross sections in lab frame
In the notation for the NSI terms defined in Eq. (2)
above, the differential cross section for the ν¯e − e scattering
with neutrino lab energy Eν and recoil electron kinetic
energy T can be summarized by the expression

dσðν¯eeÞ
dT

SMþNSI
¼2G
2
Fme
π

~g2eRþ Σα≠ejε
eR
αe j2
þðð~geLþ1Þ2þ Σ
α≠e
jεeLαe j2Þ

1−
T
Eν

2
−ð~geRð~geLþ1Þþ Σ
α≠e
ℜ½ðεeRαe ÞεeLαe Þ
meT
E2ν

;
ð4Þ
which is the sum of the scattering cross sections for the
three, incoherent processes ν¯e þ e → ν¯e → e, ν¯e þ e →
ν¯μ þ e, and ν¯e þ e → ν¯τ þ e. The ν¯e þ e→ ν¯e þ e cross
section is represented by the terms containing the ~geL and
~geR parameters. It is the coherent sum of the NC and CC
contributions. The complex parameters εeLαe , where α ≠ e,
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can be written either as εeLαe ¼ ℜ½εeLαe  þ iℑ½εeLαe  or as
jεeLαe j expðiϕeLαe Þ, where ϕeLαe is the phase angle of the
complex quantity. Written out in more detail, the
NSI contributions are jεeRαe j2 ¼ ðℜ½εeRαe Þ2 þ ðℑ½εeRαe Þ2, and
similarly for R → L. In the last term, ℜ½ðεeRαe ÞεeLαe  ¼
ℜ½εeRαe ℜ½εeLαe  þ ℑ½εeRαe ℑ½εeLαe . This notation makes it clear
that when the ε parameters are taken as real positive or
negative, then the “ℜ” and “ℑ” notations can be dropped
and one can drop the absolute magnitude signs everywhere.
All of the NSI studies with ν − e or ν¯ − e scattering
at the detector tacitly make this assumption [13,18–21,24].
If the parameters are written as jεeLαe j expðiϕeLαe Þ and
jεeRαe j expðiϕeRαe Þ, then the coefficient in the last term can
be expressed as
ℜ½ðεeRαe ÞεeLαe  ¼ jεeRαe jjεeLαe j cosðϕeLαe − ϕeRαe Þ: ð5Þ
With this parametrization, the values of jεeRαe j and jεeLαe j are
always positive and the sign of the term is controlled
by cosðϕeLαe − ϕeRαe Þ.
To include the NSIs at the reactor source, using the
notation from [15], one multiplies the contribution to the
rate by j1þ Keej2. Though Ref. [15] works only to first
order in NSI parameters and drops the highly constrained
linear term 2ℜ½Kee [11], in the present calculation we must
work to second order to assess the impact of the NSIs,
so both ℑ½Kee and ℜ½Kee will be included in the NU
case ν¯e þ e → ν¯e þ e.
For the other incoming neutrino flavors, we multiply the
ν¯μ − e cross section by the factor jKeμj2for the ν¯μ compo-
nent of the flux and by jKeτj2 for the ν¯τ component. The
ν¯μ − e differential cross section is

dσðν¯μeÞ
dT

SMþNSI
¼ 2G
2
Fme
π

~g2μR þ Σα≠μjε
eR
αμ j2
þ ð~g2μL þ Σα≠μjε
eL
αμ j2Þ

1 −
T
Eν

2
− ð~gμR ~gμL þ Σ
α≠μ
ℜ½ðεeRαμÞεeLαμ Þ
meT
E2ν

:
ð6Þ
The cross section for ν¯τ − e scattering is obtained by
replacing μ by τ everywhere in the above equation. The
definitions of ~gμR;μL and ~gτR;τL are obvious counterparts to
the definition of ~geR;eL in Eq. (3).
C. Discussion of NSIs at the source
and the full NSI effects
The distance between the source and detector in the
TEXONO experiment is less than 30 m, so we will use
the fact that the oscillation effects, proportional to
sin2ðm2i −m2jÞL=4Eν, are ignorable for the range of inter-
est, 3 MeV ≤ Eν ≤ 8 MeV. In effect, this means that the
flavor of neutrino that is produced at the source is the
same as the flavor that reaches the detector. The factors that
control the flux of each flavor in the incoming beam
produced at the source are the Kαβ. The TEXONO flux
model is the result of a large number of independent
nuclear reactions. In the presence of NSIs, the emitted flux
can be thought of as an incoherent sum of ν¯e, ν¯μ, and ν¯τ
with weights j1þ Keej2, jKeμj2, and jKeτj2. The source and
detector NSI effects on the rate are then expressed through
the following factor, denoted by F, that will multiply the
reactor flux and the target electron number density to get
the differential rate dRXdT , as described in Appendix A:
F ¼ j1þ Keej2

dσðνeeÞ
dT

þ jKeμj2

dσðν¯μeÞ
dT

þ jKeτj2

dσðν¯τeÞ
dT

; ð7Þ
where the cross section formulas are as given in Eqs. (4)
and (6) and the SM plus NSI designation is understood.
III. PROBING MODEL PARAMETERS WITH
RECOIL ELECTRON ENERGY SPECTRUM
DATA: THE TEXONO EXPERIMENT
We reproduce and recap the TEXONO experiment [12]
and its related analyses [13,25] that are directly relevant
to our NSI parameters study. The neutrino flux spectrum
and the event rate data and its theoretical representation
are briefly summarized in Appendix A. In Ref. [12], the
primary goal was an independent determination of the weak
mixing parameter sin2 θW, determined strictly from low
energy, purely leptonic recoil spectrum data in the ν¯e þ
e → ν¯e þ e elastic scattering process. The paper stresses
that this data is more sensitive to the right-handed NC
component in Eq. (4) than is the corresponding νe þ e →
νe þ e scattering case, where the roles of gL and gR are
reversed. The ν¯e − e scattering is consequently more
sensitive to gR ¼ sin2θW . Using their flux and binned rate
spectrum [31], we show the result of a χ2 analysis with
statistical errors only in Fig. 1(a). The 1σ and 90% C.L.
lines are included for guidance. We find a best fit of
sin2θW ¼ 0.251 0.030 in agreement with TEXONO’s
result.
Following publication of their experimental results [12]
detailing the experiment and the results on sin2 θW and
on an upper limit of the neutrino magnetic moment, the
collaboration presented limits on NSI parameters and on
couplings of unparticles to neutrinos and electrons [13].
Since we are pursuing an extension of the NSI bounds to
include the possibility of semileptonic NSI modifications to
the reactor source of ν¯es and the interplay with the purely
leptonic detection NSIs, we are primarily interested in C.L.
boundaries in two-parameter fits to the data and the joint
limits obtained from these analyses. For illustration, we
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check our evaluation of the 90% C.L. boundaries in the
ϵeRee − ϵeLee plane and, alternatively, the ϵeReτ − ϵeLeτ plane,
Figs. 4(a) and 4(b) in [13]. We show the result of this
exercise in Figs. 1(b) and the blue boundary, rightmost at
the top, in Fig. 1(c). In both cases we find that our results
and TEXONO’s agree within the ability to read off values
along the contours. We show the 90% C.L. projections of
these plots on the individual axes for the two cases in
Table I. The red and green curves, center and leftmost in
Fig. 1(c), are examples of other phase choices, as we
discuss in Sec. III A. For the NU case of the ϵeRee − ϵeLee
plane, we quote the right-hand solution values, since both
the R and L limits are the most stringent for this solution.
The FC case assumes the NSI parameters are purely real.
There is no degeneracy in this case, and the projected
individual two-parameter limits are straightforward. The
weak correlation between the R- and L- NSI parameters is
due to the small R-L NSI interference term. Though our
contour agrees with that as obtained in Ref. [13] and our ϵeRτe
bounds agree with the ones quoted in their Table I, our
limits on ϵeLτe are somewhat smaller.
A. Role of the detector NSI phases in determining
the C.L. boundaries
The R-L interference term in the differential cross
sections depends on the FC NSI parameter phases, as
displayed for the case ν¯e þ e → ν¯þ e in Eq. (5). From the
point of view of this general formula, the blue boundary,
rightmost at the top, in Fig. 1(c) can be interpreted as the
composite of the cases ϕeRμe ¼ ϕeLμe ¼ 0, where ϵeRμe and ϵeLμe
are both real and positive, ϕeRμe ¼ π and ϕeLμe ¼ 0, where
ϵeRμe is real and negative and ϵeLμe is real and positive,
ϕeRμe ¼ ϕeLμe ¼ π, where ϵeRμe and ϵeLμe are both real and
negative, and, finally, ϕeRμe ¼ 0 and ϕeLμe ¼ π, where ϵeRμe
is real and positive and ϵeLμe is real and negative.
Alternatively, it can be interpreted as the composite of
cases where 0 and π are replaced with π=2 and 3π=2 and
real replaced with imaginary. Because the R-L interference
term is suppressed by the factor meT=E2ν and Eν ≥ 3 MeV,
the changes in the parameter boundaries as the phase
differences range from 0 to π are small, as shown in
Fig. 1(c). Conclusions about allowed boundaries for NSI
parameters for the range of energies of interest in reactor
experiments are affected very little in this analysis, but for
experiments with significantly lower energy radioactive
sources or for low energy solar neutrino experiments such
as Borexino [32], the R-L correlation term can be relatively
larger and the phase effects may be important. For present
purposes, we illustrate the range of effects that change
of phases can make on the C.L. boundary in Fig. 1(c).
The small changes in boundaries are shown in the figure
by the difference between the blue, red, and green curves,
corresponding to cosðϕeLαe − ϕeRαe Þ ¼ 1, 0, and −1,
reading from right to left at the top of the figure. As
one sees, the correlation disappears for the case that
cosðϕeLαe − ϕeRαe Þ ¼ 0, the red, middle curve. The R-L
correlation term vanishes in this case because the R- and
L-parameters are π=2 out of phase; one can be real and the
other imaginary, for example.
IV. INTERPLAY BETWEEN Kαβ (SOURCE) AND
ϵeR;Lαβ (DETECTOR) NSI PARAMETERS
In this section we take pairs of source and detector NSI
coefficients to survey the 90% C.L. boundaries in the
various two-parameter spaces. We focus on the bounds
FIG. 1 (color online). SM sin2θW vs χ2, 1(a), and our calculation of the 90% C.L. limits of Figs. 4(a) and 4(b) of Ref. [15] in Figs. 1(b)
and 1(c). In Fig. 1(c), we show the 90% C.L. boundary for the fit to TEXONO rate data using Eq. (5) in the scattering cross section
Eq. (2). The blue, red, and green curves, right to -left at the top, are for cosðϕeLαe − ϕeRαe Þ ¼ 1; 0, and −1, respectively. The blue curve, with
cosðϕeLαe − ϕeRαe Þ ¼ 1, corresponds to that shown in Fig. 4(c) of Ref. [15].
TABLE I. Bounds at 90% C.L. obtained from Figs. 1(b)
and 1(c) in the absence of any source NSIs where α ¼ μ or τ.
Figure no. R-parameter bounds L-parameter bounds
1(b) −0.15 < εeRee < 0.08 −1.79 < εeLee < 0.41
1(c) −0.18 < εeRαe < 0.18 −0.76 < εeLαe < 0.76
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on the source parameters and assess the strength of the
bounds found to the bounds currently available in the
literature. At the same time, we check for consistency of
the bounds on the detector NSI parameters with those
found by TEXONO [13], which we checked in the
preceding section.
Since the current bounds on the real part of Kee are of
the order 10−3, as given in Ref. [11] and found independ-
ently from Daya Bay data in Ref. [17], and these are
much tighter than we can imagine providing with the
current analysis based on the TEXONO data, we assume
Kee is purely imaginary in this section. Consequently,
the source coefficient in the case of incident ν¯e in Eq. (7)
is K2ee ¼ 1þ ðℑ½KeeÞ2. Bounds found will then refer to
ℑ½Kee. Figure 2 shows the 90% C.L. boundaries for the fits
to the TEXONO data as parametrized by one source NSI
coefficient and one detector coefficient with all of the other
NSI coefficients set to zero. From the 90% C.L. contours
shown in Fig. 2, we can determine the 90% C.L. bounds
on the source NU Kee parameter and any of the ϵ
eR;L
αe
at the detector by projecting onto the parameter axes for
each contour. We find the limits on the NU parameters
quoted in Table II. In all of the cases involving the source
FC semileptonic NSI parameters Kαβ, there is no bound
on any of the leptonic, detector NSI parameters ϵeR;Lαβ as
Kαβ → 0, because the source is receiving only ν¯e flux in
this limit. In this sense, the parameters Kαβ and ϵ
eR;L
αβ are
highly correlated. There is still the possibility for placing
upper bounds on the Keα parameters in this case if the
FIG. 2 (color online). C.L. boundary regions for published TEXONO data. Upper panels [(a)–(d)]: Correlation between the source
NSI parameters (Kee) and the corresponding detector NSI parameters (ε
R;L
ee and εR;Lαe , where α ¼ μ or τ) at 90% C.L. See the text for
details. Lower panels [(e)–(h)]: Correlation between the source NSI parameters (Keα) and the corresponding detector NSI parameters
(εR;Lμμ , εR;Lττ and εR;Lαμ , εR;Lβτ , where α ¼ e or τ and β ¼ e or μ) at 90% C.L. See the text for details.
TABLE II. Bounds at 90% C.L. obtained from Fig. 2 where α ¼ e or τ and β ¼ e or μ.
Figure no. NSI parameters at source NSI parameters at detector
2(a) −1.35 < ImKee < 1.35 −0.17 < εeRee < 0.07
2(b) −0.9 < ImKee < 0.9 −1.4 < εeLee < 0.34
2(c) −0.72 < ImKee < 0.72 −0.18 < εeRαe < 0.18
2(d) −0.72 < ImKee < 0.72 −0.76 < εeLαe < 0.76
2(e) −0.72 < ImKeμ or ImKeτ < 0.72 εeRμμ and εeRττ are unbounded
2(f) −0.72 < ImKeμ or ImKeτ < 0.72 εeLμμ and εeLττ are unbounded
2(g) −0.72 < ImKeμ or ImKeτ < 0.72 εeRαμ and εeRβτ are unbounded
2(h) −0.72 < ImKeμ or ImKeτ < 0.72 εeLαμ and εeLβτ are unbounded
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detector NSI parameters are constrained to be smaller than
their current bounds [11], which are near zero on the scale
of Fig. 2. We can then place upper 90% C.L. bounds on the
values of Keμ or Keτ for the special case where detector
NSIs ϵeR;Lμμ ¼ ϵeR;Lαμ ¼ 0, and likewise for μ → τ. These one-
parameter-at-a time upper bounds on Keμ or Keτ, the type
commonly reported in the literature, are the bounds we
quote in Table II [33]. Because only ϵeRμe is taken to be
nonzero in the two-parameter analysis yielding Fig. 2(c),
there is no dependence on its phase, and similarly for ϵeLμe in
Fig. 2(d). As indicated in Eq. (5) and illustrated in Fig. 1(c),
both must be included in a fitting analysis for the relative
phase to play a role.
Briefly summarized, the results of this study based on
the published TEXONO data show that the sensitivity to
reactor source NSIs, Kαβ, is at least an order of magnitude
less than the sensitivity of the data used to establish the
currently available bounds. On the other hand, the sensi-
tivity to detector NSIs is of the same order of magnitude as
the current bounds for the right-handed NSI couplings,
though much less for the left-handed couplings. The
future improvements in sensitivity, as envisioned by the
TEXONO Collaboration [13,25], should change this
situation considerably, and we turn to this consideration
in the next section.
V. FUTURE PROSPECTS
In this section we study the future prospects for tight-
ening the source and detector NSI parameter bounds by
adopting the projected “realistic and feasible” improve-
ments in statistical sensitivities reported in Table 2 and
the related text in Ref. [25]. Their essential point is that
statistical uncertainty of the measured value of sin2 θW can
realistically be reduced to 0.0013. We follow the exper-
imental setup from Refs. [12,13] and generate our data in
10 energy bins, each of step 0.5 Mev . We generate our
“data model” by assuming that the best fit value turns out to
be sin2θW ¼ 0.2387 [34], the value cited for comparison
to their experimental fit value sin2 θW ¼ 0.251 by Ref. [12].
We define our model χ2-distribution by forming
χ2 ¼
X
i

RNSI − RSM
Δstat

2
i
ð8Þ
where RSM is the data model rate, RNSI is the predicted
event rate with all unknown NSI parameters and Δstat is
the statistical uncertainty over each bin. We define Δstat
as the deviation from the central value RSM within 1σ
statistical uncertainty, obtained by evaluating the rate with
sin2θW ¼ 0.2387. To achieve a fit to the 10 bins of rate
data that yields the projected uncertainty of 0.0013 for
sin2 θW , we find that evaluating the rates in each bin with
sin2 θW roughly ð
ﬃﬃﬃﬃﬃ
10
p ≃ 3Þ ×0.0013 per bin and taking
the average deviation from the central value yields a data
set whose uncertainties are consistent with expectations
[25]. We take this model set as the basis for estimated
future sensitivity to NSIs [24]. The results shown in Fig. 1
are redone using future prospects data in Fig. 3 and the
bounds obtained at 90% C.L. are given in Table III [24].
From Fig. 3 and the bounds summarized in Table III, we
see immediately the impact of improved sensitivity to the
presence of NSIs at the detector in the removal of the
degeneracy in the ϵeRee vs ϵeLee plot when compared to Fig. 1.
The purely leptonic NU and FC new physics effects can be
probed with up to 2 orders of magnitude higher refinement
in the right-handed lepton sector and up to an order of
magnitude more refinement in the left-handed sector. With
comparable experimental sensitivity in a νe þ e → νe þ e
FIG. 3 (color online). SM sin2θW vs χ2, (a), the 90% C.L. contour for NU L- and R-NSI parameters, (b), and in (c) the 90% C.L.
contours for the same phase choices as in Fig. 1, but for the modeled future prospects data. All source NSI parameters are set to zero.
TABLE III. Bounds at 90% C.L. obtained from Figs. 3(b)
and 3(c) in the absence of any source NSIs where α ¼ μ or τ.
Figure no. R-parameter bounds L-parameter bounds
3(b) −0.0023 < εeRee < 0.0023 −0.04 < εeLee < 0.04
3(c) −0.03 < εeRαe < 0.03 −0.19 < εeLαe < 0.19
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experiment, a complementary result with the left-handed
sector being favored could be achieved [35,36] .
Turning to the cases where the NSIs can be active at
both the source and detector, we study the parameter
spaces of combined source-detector pairs in Fig. 4 and in
accompanying Table IV. The sensitivity to the combina-
tions improves typically by factors of 5 to 10 in both
source and detector probes compared to the bounds
shown in Fig. 2 and Table II. Comparing to current
bounds in our Appendix B, Table VII, for example, we
find that the bound on εeRee in entry 4(e) is a factor of 10
below the bound given there, while the bound on εeRτe
given in entry 4(g) is a factor of 5 below its bound quoted
in [11]. In the case of NU Kee couplings, the constraints
FIG. 4 (color online). C.L. boundary regions for future prospects data. Upper panels [(a)–(d)]: Correlation between the source NSI
parameter (ImKee) and the corresponding detector NSI parameters (ε
R;L
ee and εR;Lαe , where α ¼ μ or τ) at 90% C.L. See the text for details.
Lower panels [(e)–(h)]: Correlation between the source NSI parameter (ReKee) and the corresponding detector NSI parameters
(εR;Lμμ , εR;Lττ and εR;Lαμ , εR;Lβτ where α ¼ e or τ and β ¼ e or μ) at 90% C.L. See the text for details.
TABLE IV. Bounds at 90% C.L. obtained from Fig. (4) where α ¼ e or τ and β ¼ e or μ.
Figure no. NSI parameters at source NSI parameters at detector
4(a) −0.33 < ImKee < 0.33 −0.013 < εeRee < 0.002
4(b) −0.14 < ImKee < 0.14 −0.045 < εeLee < 0.036
4(c) −0.13 < ImKee < 0.13 −0.03 < εeRαe < 0.03
4(d) −0.13 < ImKee < 0.13 −0.18 < εeLαe < 0.18
4(e) −0.057 < ReKee < 0.054 −0.013 < εeRee < 0.016
4(f) −0.01 < ReKee < 0.01 −0.043 < εeLee < 0.042
4(g) −0.064 < ReKee < 0.007 −0.086 < εeRαe < 0.086
4(h) −0.015 < ReKee < 0.008 −0.25 < εeLαe < 0.25
TABLE V. Bounds obtained from Fig. (5) at 90% C.L. where α ¼ e or τ and β ¼ e or μ. All the source NSI
parameters Kαβ are either pure real or imaginary.
Figure no. NSI parameters at source NSI parameters at detector
5(a) −0.1 < Keμ or Keτ < 0.1 εeRμμ and εeRττ are unbounded
5(b) −0.1 < Keμ or Keτ < 0.1 εeLμμ and εeLττ are unbounded
5(c) −0.1 < Keμ or Keτ < 0.1 εeRαμ and εeRβτ are unbounded
5(d) −0.1 < Keμ or Keτ < 0.1 εeLαμ and εeLβτ are unbounded
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are becoming competitive with those published [11],
being within about a factor of 3 for both the imaginary
part (top 4 rows) and the real part (bottom 4 rows) of Kee.
Looking at entry 4(c) or 4(d) in Table IV, we find that
jImKeej < 0.13, compared to the current best bound of
0.041, which is also the best bound for jImKeτj, compared
to our bound of 0.1 shown in Table V. Thus, an upgraded
TEXONO experiment could provide independent con-
firmation of the bounds on these parameters, but would
not probe new parameter space in the search for new
physics. Similarly, as shown in Fig. 5 and Table V, the
bounds on the FC semileptonic parameters Keμ and Keτ
achievable by an upgraded TEXONO experiment are
within a factor of 2 or 3 of the current bounds and
possibly provide independent support, but not reach new
regions in their parameter space.
Though the FC Keα vs ϵαμ or ϵατ studies, Fig. 5,
provide no bounds on the ϵs because the “wrong flavor”
source neutrinos are zero in the Keμ or Keτ → 0 limit,
the jϵeR;Lαe j limits in Table IV apply to jϵeR;Leα j because of
the Hermiticity constraint ϵeR;Lαβ ¼ ðϵeR;Lβα Þ, as noted after
Eq. (3).
VI. SUMMARY AND CONCLUSIONS
We have explored the consequences of adding new
physics effects at the reactor source in a ν¯þ e → ν¯þ e
scattering experiment. We have used the data from the
TEXONO experiment and also a model data based on
their projected improved sensitivity in a future upgrade.
This experiment has the virtue that its 30 m baseline does
not allow for oscillation effects at the detector, so that any
new physics at the source is not degenerate with oscil-
lation effects during propagation. After developing the
needed framework in Secs. II and III, where we explicitly
include the NSI phases in the FC leptonic, detector
parameters, we reviewed the 90% C.L. boundaries pre-
sented in Ref. [13] in Sec. IV, but included the phase
effects on the boundary in the FC, ϵeReμ − ϵeLeμ parameter
space. We checked that we properly reproduced the
boundaries and the value, and statistical error of the
TEXONO examples, but added the small but noticeable
dependence on the choice of phases for the FC detector
NSI parameters, filling a gap in the literature. The effects
on the bounds one derives are at the 5% level. In lower
energy experiments with sufficient statistics, this phase
effect may be more striking as the coefficient of the
correlation term becomes larger relative to the other terms
contributing to the rate.
Including the NSIs at the reactor source, we surveyed
examples of the interplay between the source and detector
effects with a series of source vs detector 90% C.L.
boundaries based on the TEXONO data. We find that
the R-parameter bounds on the detector NSI parameters
ϵeRαe , α ¼ e, μ, and τ, are about the same as the current best
bounds, as summarized in Table VII from Ref. [11] in our
Appendix B, but the corresponding L-parameter bounds are
factors of 5 to 10 larger. All of the bounds on the sourceKαβ
parameters are 1 to 2 orders of magnitude larger than best
current bounds. Because the source FC parameters must be
nonzero for a bound on the detector parameters ϵeL;Reα to
exist, no meaningful bounds can be placed independently
on the latter, but they differ only by a phase from the ϵeL;Rαe
parameters, as noted after Eq. (3), so the bounds on detector
parameters listed in rows 2(c) and 2(d) in Table II apply as
well to the detector parameters in rows 2(g) and 2(h) when
α and β ¼ e.
Turning to the companion study of our model data based
on the estimated future improvements in an upgraded
TEXONO experiment, we basically repeated the exercises
of Secs. III and IV to survey the parameter spaces in
anticipation of this upgrade. Compared to the bounds based
on current data our estimates of future, high sensitivity data
show that an order of magnitude increase in the level of
sensitivity to source and detector NSI parameters is
achievable compared to the sensitivity with the current
TEXONO data. This brings the bounds on detector NSI
parameters well below current bounds in all but the case of
ϵeLeμ , which is the same as the current bound. Our new
approach to bounding the CC, semileptonic NSIs at the
source results in projected bounds that are comparable to
the current ones. The very feature that makes this class
of ultra-short-baseline experiments especially clean for
FIG. 5 (color online). Correlation between the source NSI parameters (ReKeμ and ReKeτ) and the corresponding detector NSI
parameters (εR;Lμμ , εR;Lττ and εR;Lαμ , εR;Lβτ where α ¼ e or τ and β ¼ e or μ) at 90% C.L. See the text for details.
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probing the source NSI parameters, namely, the lack of
interference with neutrino mixing amplitudes, makes it less
sensitive. The parameters of interest appear as the modulus
squared in the FC case, while in the NU case, the
interference with the SM contribution gives a boost to
the sensitivity to the real part of Kee, which has a very tight
bound already, coming from Cabibbo-Kobayashi-Maskawa
(CKM) unitarity or lepton universality and for the same
reason [11].
To conclude, we see that the currently envisaged upgrade
to the TEXONO experiment promises to probe an order of
magnitude deeper into the right-handed, leptonic NSI
parameter space. To improve the sensitivity to the left-
handed, leptonic NSI couplings, high intensity, short base-
line νe experiments with large targets, along the lines of the
LENA project [35,36] will be needed. To delve deeper into
the semileptonic, CC parameter space with a reactor,
antineutrino source, a third generation of the TEXONO-
type of experiment would be needed, since we find that the
current plans would only bring bounds to the level of those
currently available. Otherwise, oscillation experiments with
interference between the relevant NSI parameters and
oscillation amplitudes involving standard oscillation
parameters, independently measured and known to high
accuracy would be needed, as remarked in Ref. [15].
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APPENDIX A: REACTOR NEUTRINO
SPECTRUM AND EVENT RATE: THE
TEXONO EXPERIMENT AT KUO-SHENG
The reactor antineutrinos spectrum produced at the
Kuo-Sheng Nuclear Reactor is given in Fig. 6. We find
the following fit function for the reactor neutrino spectrum
between 3 and 8 Mev:
dϕðν¯eÞ
dEν
¼
X6
0
an
ðEνÞn
ðA1Þ
where the fit parameters a0; a1…a6 have the values given in
Table VI.
The experimentally observed event rate (RE) is then
compared with the theoretically modeled or expected event
rate (RX). The differential rate with respect to T, kinetic
energy of the recoil electron, is
dRX
dT
¼ ρe
Z
Emaxν
T
F ðEνÞ
dϕðEνÞ
dEν
dEν; ðA2Þ
so the rate integrated over the ith bin in T is
RiX ¼
Z
Tðiþ1Þ
TðiÞ
dRX
dT
: ðA3Þ
Here ρe is the electron number density per kg of target mass
of CsI(TI), and dϕðEνÞdEν is the neutrino spectrum as given in
Eq. (A1) and F ðEνÞ is the factor containing the NSI
detector cross sections and the corresponding NSI source
parameter coefficients, as given in Eq. (7).
We use the following definition of χ2 from Ref. [13] to
perform the minimum-χ2 fit,
χ2 ¼
X
i

RiE − RiX
Δistat

2
; ðA4Þ
where RiE and R
i
X are the experimental and expected event
rates over the ith data bin and Δistat is the corresponding
statistical uncertainty of the measurement.
FIG. 6 (color online). Typical antineutrino spectrum at 28 m
from the core at Kuo-Sheng. The green curve is the data and the
black curve inside it is the fit.
TABLE VI. Values of the fit parameters for the neutrino spectrum.
a0 a1 a2 a3 a4 a5 a6
−1.23779 1012 3.72889 1013 −4.38337 1014 2.52571 1015 −7.4559 1015 1.11498 1016 −6.74817 1015
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